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Abstract 
 
 Chapter 1. In this chapter, the ability of chiral bidentate N-heterocyclic carbenes 
(NHCs) to activate alkylmetal reagents directly in order to promote C‒C bond forming 
reactions in the absence of a Cu salt is presented. Highly regio- and enantioselective Cu-
free allylic alkylation reactions of di- and trisubstituted allylic substrates with 
organomagnesium, organozinc, and organoaluminum reagents are demonstrated. Chiral 
bidentate sulfonate-bearing NHC-Zn and NHC-Al complexes are isolated and fully 
characterized. Based on crystal structures of these catalytic complexes, mechanistic 
details regarding Cu-free allylic alkylations with alkylmetal reagents are proposed. 
 
  
 Chapter 2. New methods for efficient and highly enantioselective Cu-catalyzed allylic 
alkylation reactions of a variety of trisubstituted allylic substrates with alkylmagnesium 
and alkyl-, aryl-, 2-furyl-, and 2-thiophenylaluminum reagents are presented. 
Transformations are promoted by a chiral NHC complex in the presence of commercially 
available, inexpensive and air stable CuCl2•H2O. Enantiomerically enriched compounds 
containing difficult-to-access all-carbon quaternary stereogenic centers are obtained.  
 
 
  Chapter 3. New methods for highly site- and enantioselective Cu-catalyzed allylic 
alkylation reactions of allylic phosphates with vinylaluminum reagents are presented. The 
requisite vinylaluminums are prepared by reaction of readily accessible terminal alkynes 
with DIBAL-H and used directly without further purification. Vinyl additions are 
promoted in the presence of a chiral bidentate sulfonate-based NHC complex and a Cu 
salt. The desired SN2’ products are obtained in >98% E selectivities, >98% SN2’ 
selectivities, >98% group selectivities (<2% i-Bu addition) and high enantioselectivities. 
The enantioselective total synthesis of the natural product bakuchiol highlights the 
versatility of the one-pot hydroalumination/Cu-catalyzed enantioselective allylic 
vinylation process.  
 
 
 Chapter 4. Efficient and highly site-selective Cu-catalyzed hydroboration reactions of 
disubstituted aryl olefins with bis(pinacolato)diboron (B2(pin)2) are presented. 
Transformations are promoted by an NHC-Cu complex in the presence of MeOH, 
affording only secondary β-boronate isomers. A Cu-catalyzed method for the synthesis of 
enantiomerically enriched secondary alkylboronates promoted by chiral NHC complexes 
is disclosed.   
 
 
 Chapter 5. A new method for efficient and site-selective tandem Cu-catalyzed copper-
boron additions to terminal alkynes with B2(pin)2 in the presence of an NHC-Cu complex 
is demonstrated. In a one-pot process, Cu-catalyzed hydroboration of alkynes provides 
vinylboronates in situ, which undergo a second site-selective hydroboration to afford 
vicinal diboronates. Highly Enantiomerically enriched diboronates obtained through Cu-
catalyzed enantioselective dihydroboration in the presence of chiral bidentate sulfonate-
based NHC-Cu complex are obtained. The control of site selectivity in the first-stage 
hydroboration of alkynes is critical for efficient and highly enantioselective reactions in 
the tandem dihydroboration. Functionalizations of the vicinal diboronates described 
herein underline the significance of the current method.  
 
i 
 
Table of Contents 
Chapter 1. Cu-Free Enantioselective Allylic Alkylation Reactions with 
Grignard, Organozinc, and Organoaluminum Reagents Promoted by N-
Heterocyclic Carbenes …………………………………………..…………….……1 
1.1. Introduction ……………………………………………..………….……….….1 
1.2. Background ………………………………………………………....…..…..….6 
1.2.1. General Concept of Lewis Base Activation ………………...….….…..…6 
1.2.2. General Characteristics of N-Heterocyclic Carbenes …………….…..…12 
1.3. Cu-Free Catalytic Enantioselective Allylic Alkylations of Trisubstituted 
Allylic Chlorides with Grignard Reagents ……………………………….…15 
1.3.1. Identification of an Optimal Lewis Base …………………………....….17 
1.3.2. Cu-Free EAAs with Various Grignard Reagents ……………………….21 
1.3.3. Understanding Mechanistic Models for Cu-Free EAA of Grignard 
Reagents ……………………………………………………………..……27 
1.4. Cu-Free Enantioselective Allylic Alkylations with Dialkylzinc Reagents. 
Stereogenic-at-Metal Zn-Based NHC Complexes as Bifunctional Catalysts 
…………………………………………………………………….…………….30 
1.4.1. Evaluation of NHCs and Other (non-carbene) Lewis Bases ………..…..30 
1.4.2. NHC-Zn-catalyzed EAAs of Disubstituted Allylic Phosphates ……..….34 
1.4.3. NHC-Zn-catalyzed EAAs of Trisubstituted Allylic Phosphates ……..…35 
1.4.4. Elucidation of the Structure of a Chiral Bidentate NHC–Zn(II) Complex 
………………………………………………………………………….….37 
1.4.5. Catalytic Cycle for NHC-Zn-Catalyzed EAA Reactions …………….…41 
1.5. Cu-Free Enantioselective Allylic Alkylations with Alkylaluminum Reagents. 
Synthesis and Characterization of a Chiral Bidentate NHC-Al(III) Complex 
………………………………………………………………………….……….48 
1.5.1. Initial Study of Cu-Free NHC-Catalyzed EAA with Me3Al ………..…..48 
1.5.2. Synthesis of a Chiral Bidentate NHC-Al(III) Complex ………….……..50 
ii 
 
1.5.3. Cu-Free EAAs with Me3Al in the Presence of NHC-Zn Complex ….….52 
1.6. Application of NHC-Zn(II) Complex to Cu-Free Catalytic Enantioselective 
Alkylations of Aldehydes or Imines with Dialkylzinc Reagents ………..…..55 
1.6.1. NHC-Zn Catalyzed Addition of Et2Zn to Aldehydes …………….….….55 
1.6.2. NHC-Zn Catalyzed Addition of Me2Zn to Ketoimines ……………..…..58 
1.7. Conclusions ………………………………………………………….…………60 
1.8. Experimentals …………………………………………………………………64 
 
Chapter 2. Cu-Catalyzed Enantioselective Allylic Substitutions with 
Alkyl Grignard Reagents and Alkyl, Aryl, and Heterocyclic Aluminum 
Reagents ………………………………………………………………………..……140 
2.1. Introduction …………………………………………………………………..140 
2.2. Background ……………………………………………………………….….144 
2.3. Cu-Catalyzed Enantioselective Allylic Alkylations with Alkyl Grignard 
Reagents ……………………………………………….……………………..153 
2.3.1. Identification of an Optimal Cu salt and NHC-Ag(I) complex …..……153 
2.3.2. Cu-Catalyzed EAAs with Various Grignard Reagents Promoted by a 
Chiral Bidentate NHC-Cu Complex ……………………………………..155 
2.3.3. Cu-Catalyzed EAAs with Cyclopentyl Grignard Reagent …………….157 
2.3.4. Cu-Catalyzed EAAs Promoted by a Chiral Monodentate NHC-Cu 
Complex ……………………………………………………….…………158 
2.3.5. Comparison of Cu-Catalyzed EAAs of Grignard Reagents with Cu-Free 
EAAs ……………………………………………………………………..163 
2.3.6. Cu-Catalyzed EAAs with Primary Alkyl Grignard Reagents …………165 
2.4. Cu-Catalyzed Enantioselective Allylic Substitutions with Alkyl, Aryl, and 
Heterocyclic Aluminum Reagents ……………………………………….…168 
2.4.1. Cu-Catalyzed EAAs of Trialkylaluminum Reagents …………….……168 
2.4.2. Identification of Dialkylarylaluminum Reagents and Chiral NHC 
Complexes ……………………………………………………………….170 
iii 
 
2.4.3. Cu-Catalyzed EAAs with Various Arylaluminum Reagents ………….175 
2.4.4. Cu-Catalyzed EAAs with 2-Furyl- and 2-Thiophenylaluminum Reagents 
………………………………………………………………………….....178 
2.5. Mechanistic Insight into Cu-Catalyzed EAA Reactions with Organometallic 
Reagents ………………………………………………………………………180 
2.5.1. - and π-Allyl Copper(III) Intermediates in Allylic Alkylation Reactions 
…………………………………………………………………………….182 
2.5.2. Studies Dealing with the Control of Regioselectivity in Cu-Catalyzed 
Allylic Alkylation Reaction ………………………………………….…...185 
2.5.3. Mechanistic Aspects of Cu-Catalyzed EAAs with Grignard Reagents 
Promoted by NHC Complexes …………………………………………...188 
2.5.4. Mechanistic Aspects of Cu-catalyzed EAAs with Organoaluminum 
Reagents Promoted by an NHC-Sulfonate Complex …………………….194 
2.6. Conclusions …………………………………………………………………..197 
2.7. Experimentals ………………………………………………………………..199 
 
Chapter 3. Cu-Catalyzed Enantioselective Allylic Substitution with 
Vinylaluminum Reagents …………………………….………………………….253 
3.1. Introduction ………………………………………………………………..…253 
3.2. Background …………………………………………………..………………257 
3.2.1. Representative Methods for Preparation of Vinylmetals …………..…..257 
3.2.2. Vinylmetal Reagents in Catalytic Enantioselective Vinyl Additions of 
Activated Olefins …………………………………………………………260 
3.3. Cu-Catalyzed Enantioselective Vinyl Additions of Vinylaluminum Reagents 
to -Disubstituted Allylic Phosphates ………………………………...…….264 
3.3.1. Search for Optimal Conditions ……………………………...…………264 
3.3.2. Cu-Catalyzed EAVs of Various Allylic Phosphates with Vinylaluminum 
derived from 1-Octyne …………………………..……………….………267 
3.3.3. A Variety of Vinylaluminum Reagents in Cu-Catalyzed EAVs ………271  
iv 
 
3.3.4. Single-vessel Gram-scale Synthesis of Vinylaluminum and Catalytic EAV 
………………………………………………………………………..…..274 
3.3.5. Proposed Mechanistic Models …………………………………….…..274 
3.4. Cu-Catalyzed EAV Reactions for Formation of All-Carbon Quaternary 
Stereogenic centers ……………………………………………………….…277 
3.4.1. Identification of  an Optimal Chiral NHC-Cu Complex and Conditions 
……………………………………………………………………………278 
3.4.2. Cu-Catalyzed EAV of Various -Disubstituted Allylic Phosphates with 
Vinyl-Al Reagents …………………………………………….……….…280 
3.4.3. Approach to Total Synthesis of Bakuchiol …………………………….282 
3.5. Conclusions …………………………………………………………………...286 
3.6. Experimentals ………………………………………………………….…….288 
 
Chapter 4. Cu-Catalyzed Hydroboration Reactions of Disubstituted 
Alkenes Promoted by N-Heterocyclic Carbenes. Enantioselective C‒B 
Bond Formation …………………………………………………………  ……….374 
4.1. Introduction ………………………………………………………………….374 
4.2. Background ……………………………………………………………….….375 
4.2.1. Nucleophilic Borylmetal Reagents ………………………….…………376 
4.2.1.a. Boryllithium Species ………………………………...…………376 
4.2.1.b. Borylmagnesium  Species  ……………………………………..380 
4.2.1.c. Borylzinc Species ………………………………………………381 
4.2.1.d. Borylcopper Species ……………………………………………382 
4.2.2. DFT Studies on Borylation Involving Borylcopper Species …………..386 
4.2.3. Catalytic Enantioselective Copper-Boron Additions …………………..388 
4.2.3.a. Cu-Catalyzed Enantioselective Conjugate Additions of B2(pin)2 
……………………………………………………………………….389 
4.2.3.b. Cu-Catalyzed Enantioselective Allylic Substitutions with B2(pin)2 
………………………………………………………………………395 
v 
 
4.2.3.c. Cu-Catalyzed Copper-Boron Additions to Aldimines ……….…399 
4.2.3.d. Cu-Catalyzed Hydroboration with Borylcopper Species ………400 
4.2.4. Transition Metal-Catalyzed Hydroborations of Olefins ……………….403 
4.3. Efficient Hydroboration of Disubstituted Alkenes Promoted by NHC-Cu 
Complexes …………………………………………………………………….409 
4.3.1. Search for Optimal Conditions ………………………………………...409 
4.3.2. Substrate Scope in Cu-Catalyzed Hydroboration ………………….…..413 
4.4. Cu-Catalyzed Enantioselective Hydroboration Reactions of Disubstituted 
Alkenes …………………………………………………………….………....417 
4.4.1. Identification of an Optimal Chiral NHC Ligand …..………………….417 
4.4.2. Cu-Catalyzed Enantioselective Hydroboration of  Acyclic (E)-Olefins 
…………………………………………………………………………….421 
4.4.3. Cu-Catalyzed Enantioselective Hydroborations of Cyclic (Z)-Olefins 
……………………………………………………………………..……..422 
4.4.4. Cu-Catalyzed Hydroborations: Expanded Substrate Scope ……...……425 
4.5. Studies of Cu-Catalyzed Enantioselective Allylic Substitutions with B2(pin)2 
………………………………………………………………………….…..…426 
4.6. Mechanistic Insight into Cu-Catalyzed Enantioselective Hydroboration 
Reactions ……………………………………………………………….…….428 
4.7. Conclusions ……………………………………………………………..……430 
4.8. Experimentals ………………………………………………….……….……432 
 
Chapter 5. Cu-Catalyzed Dihydroboration Reactions of Terminal 
Alkynes Promoted by N-Heterocyclic Carbenes. Vicinal Diboronates in 
High Enantiomeric Purity ……………………………………………...……….476 
5.1. Introduction ………………………………………………………………….476 
5.2. Background ………………………………………………………………..…479 
5.2.1. Metal-Catalyzed Enantioselective Diborations of Olefins ………….…480 
5.2.2. Other Approaches to Optically Active Vicinal Diboronates ……….….483 
vi 
 
5.3. Cu-Catalyzed Dihydroboration of Terminal Alkynes ………………….…487 
5.3.1. Identification of Optimal Conditions …………………………….……487 
5.3.2. Cu-Catalyzed Dihydroboration Reactions of Various Terminal Alkynes 
…………………………………………………………………….…..…..489 
5.4. Cu-Catalyzed Enantioselective Dihydroboration Reactions of Terminal 
Alkynes ………………………………………………………………………495 
5.4.1. Identification of Chiral NHC Complexes ………………………….….495 
5.4.2. Cu-Catalyzed Enantioselective Dihydroboration Reactions of Various 
Terminal Alkynes …………………………………………………..……501 
5.4.3. Functionalization of Chiral Diboronate Products …………………..…507 
5.4.4. Proposed Mechanistic Models for Copper-Boron Addition to Terminal 
Alkynes ………………………………………………………………….510 
5.5. Conclusions ………………………………………………………………….514 
5.6. Experimentals ……………………………………………………….………516 
 
 
 
 
 
 
Chapter 1, Page 1  
 
Chapter 1 
Cu-Free Enantioselective Allylic Alkylation 
Reactions with Grignard, Organozinc, and 
Organoaluminum Reagents Promoted by N-
Heterocyclic Carbenes 
 
1.1  Introduction 
Discovery and development of chiral catalysts for enantioselective addition of 
readily available nucleophiles to easily accessible electrophilic substrates remain an 
important objective in modern organic synthesis.1 Chiral N-heterocyclic carbenes (NHCs) 
have emerged as an efficient class of ligands for enantioselective synthesis. 2  Since 
Arduengo and coworkers isolated the first stable, crystalline NHC in 1991,3 complexes of 
N-heterocyclic carbenes with a variety of transition metals and main group elements have 
been synthesized and used in catalytic reactions.4 Investigations in our laboratories have 
                                                 
(1) Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds; Springer: Berlin, 
Germany, 1999. 
(2) For representative reviews for enantioselective reactions promoted by NHCs, see: (a) Enders, D.; Gielen, 
H. J. Organomet. Chem. 2001, 617, 70‒80. (b) Herrmann, W. A. Angew. Chem., Int. Ed. 2002, 41, 
1290‒1309. (c) Perry, M. C.; Burgess, K. Tetrahedron: Asymmetry 2003, 14, 951‒961. (d) Marion, N.; 
Díez-González, S.; Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2988‒3000. (e) Enders, D.; Niemeier, O.; 
Henseler, A. Chem. Rev. 2007, 107, 5606‒5655. (f) Gade, L. H.; Bellemin-Laponnz, S. Top Organomet. 
Chem. 2007, 21, 117‒157. 
(3) Arduengo, III, A. J.; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991, 113, 361‒363. 
(4) For representative reviews for NHC-metal complexes, see: (a) Herrmann, W. A.; Köcher, C. Angew. 
Chem. Int. Ed. Engl.1997, 36, 2162‒2187. (b) Bourissou, D.; Guerret, O.; Gabbaï, F. P.; Bertrand, G. Chem. 
Rev. 2000, 100, 39‒91. (c) Kantchev, E. A. B.; O’Brien, C. J.; Organ, M. G. Angew. Chem., Int. Ed. 2007, 
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focused on the development of optically pure chiral monodentate as well as bidentate 
NHC complexes and their application to a range of catalytic enantioselective C‒C bond 
formation reactions5 to generate tertiary or all-carbon quaternary stereogenic centers.6 
One area of interest relates to catalytic enantioselective allylic alkylations (EAAs) of 
allylic halides or phosphates with organometallic nucleophiles, such as Mg-, Zn- or Al-
based reagents. 7 Such transformations often require the presence of an additional Cu-
                                                                                                                                                 
46, 2768‒2813. (d) Clavier, H.; Nolan, S. P.; Annu. Rep. Prog. Chem., Sect. B, 2007, 103, 193‒222. (e) 
Tekavec, T. N.; Louie, J. Top. Organomet. Chem. 2007, 21, 159–192. (f) Ref (2a) and (2b). 
(5) (a) Van Veldhuizen, J. J.; Garber, S. B.; Kingsbury, J. C.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 
49544955. (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2003, 125, 1250212508. (c) Gillingham, D. G.; Kataoka, O.; Garber, S. B.; Hoveyda, A. 
H. J. Am. Chem. Soc. 2004, 126, 1228812290. (d) Larsen, A. O.; Leu, W.; Nieto-Oberhuber, C.; Campbell, 
J. E.; Hoveyda, A. H.; J. Am. Chem. Soc. 2004, 126, 11130–11131. (e) Van Veldhuizen, J. J.; Campbell, J. 
E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877–6882. (f) Lee, K-S.; Brown, M. K.; 
Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 7182–7184. (g) Lee, Y.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2006, 128, 15604–15605. (h) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. 
Chem., Int. Ed. 2007, 46, 1097–1100. (i) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 
46, 3860–3864. (j) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 
2007, 46, 4554–4558. (k) Lee, Y.; Akiyama, K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2008, 130, 446–447. (l) Trica, L. M.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 
2008, 47, 7358‒7362. (m) Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 1290412906. (n) 
Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455-4462. (o) Lee, Y.; Li, B.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2009,131, 1162511633. (p) Akiyama, K.; Gao, F.; Hoveyda, A. H. Angew. Chem., Int. Ed. 
2010, 49, 419‒423. 
(6) Quaternary Stereocenters: Challenges and Solutions for Organic Synthesis (Eds: J. Christophers, A. 
Baro), Wiley–VCH:Weinheim, 2006. 
(7) For reviews regarding Cu-catalyzed enantioselective allylic alkylations involving alkylmetal reagents, 
see: (a) Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. K. Chem. Commun. 2004, 1779‒1785. (b) 
Yorimitsu, H.; Oshima, K. Angew. Chem., Int. Ed. 2005, 44, 4435‒4439. (c) Alexakis, A.; Malan, C.; Lea, 
L.; Tissot-Croset, K.; Polet, D.; Falciola, C. A. Chimia 2006, 60, 124‒130. (d) Falciola, C. A.; Alexakis, A. 
Eur. J. Org. Chem. 2008, 3765‒3780. (e) Alexakis, A.; Bäckvall, J.-E.; Krause, N.; Pàmies, O.; Diéguez, M. 
Chem. Rev. 2008, 108, 2796‒2823. (f) Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Minnaard, A. J.; 
Feringa, B. L. Chem. Rev. 2008, 108, 2824‒2852. (g) Lu, Z.; Ma, S. Angew. Chem., Int. Ed. 2008, 47, 
258‒297. For Zr-catalyzed EAA with alkylmagnesium halides, see: (f) Morken, J. P.; Didiuk, M. T.; 
Hoveyda, A. H. J. Am. Chem. Soc. 1993, 115, 6997‒6998. For Ni-catalyzed EAA with Grignard reagents, 
see: (i) Indolese, A. F.; Consiglio, G. Organometallics 1994, 13, 2230‒2234. (j) Nomura, N.; Rajanbabu, T. 
V. Tetrahedron Lett. 1997, 38, 1713‒1716. (k) Gomez-Bengoa, E.; Heron, N. M.; Didiuk, M. T.; Luchaco, 
C. A.; Hoveyda, A. H. J. Am. Chem. Soc. 1998, 120, 7649‒7650. For Ir-catalyzed EAA with 
arylmagnesium halides, see: Polet, D.; Rathgeb, X.; Falciola, C. A.; Langlois, J.-B.; Hajjaji, S. E.; Alexakis, 
A. Chem. Eur. J. 2009, 15, 12051216. 
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based salt. Development of Cu-free protocols, 8  however, is a critical step towards 
achieving reactivity and selectivity profiles that are inaccessible by organocopper systems. 
Thus, we sought to explore modes of reactivity that do not involve Cu catalysis. We have 
probed the concept of altering and enhancing the reactivity of alkylmetal reagents with a 
substoichiometric amount of a chiral Lewis base (Lewis base activation), whereby the 
resulting complex induces high enantioselectivity. 9  We envision that NHC ligands, 
having a strong Lewis basic character, can directly donate electrons to alkyl metal 
reagents, making alkyl groups bound to the metal more nucleophilic by redistribution of 
electron density. The activated alkylating reagents may be added to di- or trisubstituted 
allylic substrates in the absence of Cu salt. Herein we describe catalytic EAA with 
alkylmagnesium chlorides, dialkylzinc, and trimethylaluminum reagents promoted by a 
chiral bidentate NHC ligand that gives rise to enantiomerically enriched tertiary as well 
as difficult-to-access all-carbon quaternary stereogenic centers with high regio- and 
enantioselectivity. 
In addition, the present research sheds light on mechanistic details of the 
transformations promoted by chiral bidentate NHC complexes. The described studies 
                                                 
(8) For a rare non-Cu-catalyzed asymmetric conjugate addition of Et2Zn to acyclic enones (chiral o-
phenoxyketimine ligands), see: (a) Bräse, S.; Höfener, S. Angew. Chem., Int. Ed. 2005, 44, 7879‒7881. For 
Cu-free (non-enantioselective) conjugate addition and/or intramolecular allylic alkylation processes 
involving organozinc reagents, see: (b) Komanduri, V.; Pedraza, F.; Krische, M. J. Adv. Synth. Catal. 2008, 
350, 1569‒1576. (c) Kobayashi, K.; Ueno, M.; Naka, H.; Kondo, Y. Chem. Commun. 2008, 3780‒3782. 
(9) Lewis base activation of Lewis acids in synthesis has been pioneered by Denmark. See: (a) Denmark, S. 
E.; Beutner, G. L.; Wynn, T.; Eastgate, M. D. J. Am. Chem. Soc. 2005, 127, 3774‒3789. For reviews on 
Lewis base catalysis, see: (b) Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47, 1560–1638. 
(c) Denmark, S. E. Chemia 2008, 62, 37‒40. (d) Denmark, S. E.; Nicaise, O. J. C. Chem. Commun. 1996, 
999‒1004.  
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have led to the synthesis, isolation and characterization of stereogenic-at-Zn- and Al-
based bidentate NHC complexes, allowing us to identify a critical, and somewhat 
unexpected, stereochemical feature of these entities.10 The observed characteristics of 
NHC-metal complexes led us to propose that the high reactivity and selectivity levels 
obtained in C‒C bond forming processes promoted through the use of bidentate NHC 
ligands might be largely due to the ability of the corresponding metal-based complexes to 
serve as bifunctional catalysts.11  
We propose that Cu-catalyzed EAA and Cu-free EAA reactions promoted by 
Lewis base ligand follow different pathways to generate the desired products. It is often a 
chiral Cu catalyst, generated in situ, which promotes C‒C bond formation (see top 
pathway in Scheme 1.1). The higher activity of chiral Cu-based complexes, versus 
reactions when only metal salts are used or in reactions where only an alkylmetal reagent 
is present (C‒M in Scheme 1.1), is due to the activation provided by one or more Lewis 
basic ligands that are bound to the transition metal (i and ii, Scheme 1.1). The donor 
ligands (LB in Scheme 1.1) raise the nucleophilicity of the Cu-bound carbon (ii), while 
enhancing the π-Lewis acidity of the transition metal (Lewis base activation of a Lewis 
                                                 
(10) For overviews regarding stereogenic-at-metal complexes, see: (a) Brunner, H. Angew. Chem., Int. Ed. 
1999, 38, 1194–1208. (b) Fontecave, M.; Hamelin, O.; Ménage, S. Top. Organomet. Chem. 2005, 15, 271–
288. For a recent example, see: (c) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, 
A. H. Nature 2008, 456, 933–937. 
(11) For recent reviews on bifunctional enantioselective catalysis, see: (a) Ma, J.-A.; Cahard, D. Angew. 
Chem., Int. Ed. 2004, 43, 4566–4583. (b) Nájera, C.; Sansano, J. M.; Saá, J. M. Eur. J. Org. Chem. 2009, 
2385–2400. For additional examples of bifunctional enantioselective catalysis, see: (c) Kacprzynski, M. A.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676–10681. (d) Kanai, M.; Kato, N.; Ichikawa, E.; 
Shibasaki, M. Synlett 2005, 1491–1508. (e) Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem., 
Int. Ed. 2006, 45, 7230–7233. (f) Paull, D. H.; Abraham, C. J.; Scerba, M. T.; Alden-Danforth, E.; Lectka, 
T. Acc. Chem. Res. 2008, 41, 655‒663. (g) Friel, D. K.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 
2008, 130, 9942–9951. 
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acid). The above factors collectively translate into a highly effective alkylating agent (cf. 
conversion of iii to iv and the alkylation product in Scheme 1.1). 
 
An alternative strategy, also illustrated in Scheme 1.1 (bottom pathway), involves 
direct activation of the organometallic reagent by a nucleophilic Lewis base (v, Scheme 
1.1). That is, association of the Lewis basic catalyst (LB) with the Mg-, Zn- or Al-based 
alkylating agent (C‒M) might lead to its activation in the same manner as described 
above for the Cu-based system, resulting in alkylation of the substrate via vi (Scheme 1.1) 
and precluding the need for a Cu salt or a Cu-based complex. Association of the leaving 
group (LG), typically a Lewis basic entity, with the Lewis acidic metal center might 
facilitate the alkylation process (see vi).  
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1.2  Background 
1.2.1  General Concept of Lewis Base Activation 
This section will briefly outline the general characteristics of Lewis base 
activation. The concept of “Lewis base catalyst” is generally defined as: 
 “Lewis base catalysis is the process by which an electron-pair donor increases the rate 
of a given chemical reaction by interacting with an acceptor atom in one of the reagents 
or substrates. The binding event may enhance either the electrophilic or nucleophilic 
character of the bound species. Furthermore, the Lewis base should not be consumed or 
altered during the course of the reaction - a hallmark of any catalytic process.”9b In 
recent years, numerous examples have shown that a Lewis base catalyst can enhance the 
chemical reactivity by the binding of the Lewis base to a Lewis acid.9 As illustrated in 
Figure 1.1, the consequence of this binding is that the Lewis acidic center, for example a 
Group 13 or Group 14 element, is rendered more electrophilic compared to the parent 
Lewis acid and its ligands are more nucleophilic by redistribution of electron density 
from the Lewis base. A strong donor Lewis base can even lead to ionization and 
generation of a cationic species, which can act as a strong Lewis acid in catalytic 
reactions. 
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On the redistribution of electron density, Gutmann states: 
“although a donor–acceptor interaction will result in a net transfer of electron density 
from the donor species to the acceptor species, it will, in the case of polyatomic species, 
actually lead to a net increase or “pileup” of electron density at the donor atom of the 
donor species and to a net decrease or “spillover” of electron density at the acceptor 
atom of the acceptor species. This results from the accompanying changes in the 
intramolecular charge distribution induced by the primary donor–acceptor interaction. 
These disperse the net change in electron density among all the atoms and in so doing, 
overcompensate for the initial changes induced at the donor and acceptor atoms. This 
result is important as it contradicts the usual assumption of the organic chemist that the 
net changes in formal charges remain localized on the donor and acceptor atoms.”12a 
                                                 
(12) (a) The Lewis Acid-Base Concepts; Jensen, W. B. Wiley-Interscience, New York, 1980. pp135‒142. (b) 
The Donor-Acceptor Approach to Molecular Interactions; Gutmann, V. Plenum Press, New York, 1978, 
Chap. 1. 
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For one representative experimental example to support this hypothesis, Denmark and 
coworkers reported enantioselective ring opening of epoxide 1.1 with chlorosilanes 
promoted by a chiral Lewis basic phosphoramide 1.2 to afford the chlorohydrin 1.3 with 
94% yield and 93.5:6.5 er (Scheme 1.2). 13  They proposed that a Lewis basic 
phosphoramide directly activates a Lewis acidic chlorosilane, generating more 
electrophilic silicon species and nucleophilic chloride anion. First, phosphoramide 
coordinates to the Lewis acidic chlorosilane to provide a Lewis base-acid adduct I, which 
is polarized and ionized to generate a cationic silicon species such as II. The 
corresponding cationic silicon compound II would serve to activate the epoxide (IV). 
The dissociated chloride anion combines with the phosphoramide-SiCl4 complex I to 
form the silicate species III, which attacks activated epoxide IV leading to chlorinated 
compound V. Thus this study indicates that Lewis bases can activate Lewis acidic agents 
to promote reactions. 
                                                 
(13) (a) Denmark, S. E.; Barsanti, P. A.; Wong, K.-T.; Stavenger, R. A. J. Org. Chem. 1998, 63, 
24282429. (b) Denmark, S. E.; Wynn, T.; Jellerichs, B. G. Angew. Chem., Int. Ed. 2001, , 22552256. 
(c) Denmark, S. E.; Barsanti, P. A.; Beutner, G. L.; Wilson, T. W. Adv. Synth. Catal. 2007, 349, 567582. 
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The statement by Gutmann can be also readily supported by X-ray 
crystallographic studies of Lewis base-acid complexes and computational analysis. One 
representative example of analysis by X-ray structure is illustrated in Scheme 1.3. 
Binding of a Lewis basic tetrachloroethylene carbonate 1.4 to a Lewis acidic antimony 
pentachloride (SbCl5) induces noticeable changes in bond lengths throughout the 
complex 1.5.14 The C=O bond on 1.4 unit is lengthened (+7 pm) by polarization toward 
                                                 
(14) (a) The Donor-Acceptor Approach to Molecular Interactions; Gutmann, V. Plenum Press, New York, 
1978. (b) Gutmann, V. Coord. Chem. Rev. 1975, 15, 207‒237. 
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the antimony leading to a “pileup” of electron density at the oxygen of the carbonyl and 
loss of electron density at the carbon of the carbonyl. The oxygen adjacent to the 
carbonyl donates electron density to compensate for polarization of C=O bond, leading to 
shortening of the C‒O bond length (‒8 pm).  This analysis of crystal structure 1.5 also 
indicates that a “spillover” of electron density at the Sb atom to electron-withdrawing Cl 
atoms induces longer Sb‒Cl bond lengths (+2‒5 pm). Gutmann proposed that the 
alternating pattern of these bond changes is indicative of changes in electron density 
throughout the complex that compensate for changes at the donor and acceptor atoms.  
 
In addition to structure analysis by X-ray crystallography, there are a number of 
theoretical studies on structure and electronic properties of Lewis base-acid complexes to 
support the electron redistribution proposal.15 For example, Weston reported values of 
calculated Zn‒C bond lengths and charge distributions on Zn and carbon atoms for free 
                                                 
(15) For representative examples, see: (a) Bessac, F.; Frenking, G. Inorg. Chem. 2003, 42, 7990‒7994. (b) 
Brinck, T.; Murray, J. S.; Politzer, P. Inorg. Chem. 1993, 32, 2622‒2625. (c) Hirao, H.; Omoto, K.; 
Fujimoto, H. J. Phys. Chem. A 1999, 103, 5807‒5811. (d) Jonas, V.; Frenking, G.; Reetz, M. T. J. Am. 
Chem. Soc. 1994,116, 8141‒8753. (e) Ogawa, A.; Fujimoto, H. Inorg. Chem. 2002, 47, 4888‒4894. (f) 
Gordon, M. S.; Carroll, M. T.; Davis, L. P.; Burggraf, L. W. J. Phys. Chem. 1990, 94, 8125‒8128.(g) 
Neumüller, B.; Dehnicke, K. Z. Anorg. Allg. Chem. 2003, 629, 2529‒2534. (h) Metza, S.; Holthausena, M. 
C.; Frenking, G. Z. Anorg. Allg. Chem. 2006, 632, 814‒818. 
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dimethylzinc and zinc complexes with Lewis bases, as depicted in Scheme 1.416  When 
dimethylzinc complexes with a Lewis basic amino ether, the bond length of Zn‒C on 
complex 1.6 is lengthened to 1.994 Å, compared to free dimethylzinc (1.957 Å). 
Complex 1.7 contains a Zn atom coordinated to more Lewis basic TMEDA (vs amino 
ether), and possesses a longer Zn‒C bond (2.009 Å), indicating a more nucleophilic alkyl 
group. In addition, the result of a calculation of charge distribution on Zn and C atoms 
illustrates that electron donation from a Lewis base to a Lewis acidic alkylzinc renders 
the Zn atom more positively charged and the methyl group more negative (qC = ‒1.265 
and qZn = +1.247 for free diemthylzinc vs qC = ‒1.294 and qZn = +1.364 for TMEDA 
complex 1.7, Scheme 1.4). Those results are in agreement with the concept of Lewis base 
activation, which states that electron donation from Lewis base to Lewis acid makes the 
metal center on the Lewis acid more electrophilic and the peripheral ligands on the metal 
center more nucleophilic.  
C
Zn
a
a  
 
 
                                                 
(16) Weston, J. Organometallics 2001, 20, 713‒720. 
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1.2.2  General Characteristics of N-Heterocyclic Carbenes 
N-Heterocyclic carbenes (NHCs) have been emerging as a new class of versatile 
ligands, as alternatives to the widely used phosphine ligands that are utilized in a variety 
of catalytic transformations. In this section, we will briefly discuss the general properties 
of NHC ligands, which cause them to act as strong -donors. Carbenes are neutral 
compounds that have two non-bonding electrons on a carbon atom.17  In the ground state, 
two unpaired electrons may reside either in two different orbitals (triplet state) or in the 
same orbital (singlet state). As illustrated in Figure 1.2, the linear geometry of the carbon 
atom on the carbene center favors the two unpaired electrons to reside in two different 
degenerate orbitals px and py, resulting in a triplet carbene which exhibits a diradical 
character (Figure 1.2a). Bending the molecule breaks this degeneracy and the carbon 
adopts an sp2-type hybridization: while the py orbital (depicted as pπ) is almost unchanged, 
the px orbital is stabilized by some s character (becoming a  orbital) leading to a singlet 
carbene that features a vacant pπ orbital and a filled  orbital. If the pπ gap is large, the 
carbene is considered to have a singlet ground state and the two electrons reside in the 
lower energy  orbital (vs pπ). 
                                                 
(17) (a) N-Heterocyclic Carbenes in Transition Metal Catalysis; Glorius, F., Ed.; Springer-Verlag: Berlin, 
Heidelberg, 2007. (b) See: Ref (4b). 
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N-Heterocyclic carbenes have been proposed to be singlet carbenes due to the 
electronic effects from the neighboring nitrogen atoms that have -electron-withdrawing 
and π-electron-donating characters (Figure 1.2.b). First, -electron-withdrawing nitrogen 
atoms inductively stabilize the  nonbonding orbital by increasing its s character while 
the pπ orbital remains unchanged, allowing for the increased ‒pπ gap. Thus the singlet 
state is favored. A resonance effect by the substituents also plays an important role to 
stabilize the singlet state; alternatively, the energy of the pπ orbital is increased by 
donation from the electron lone pairs of the two neighboring nitrogen atoms into empty 
pπ orbital. Since the  orbital is unchanged, the ‒pπ gap is increased to favor the singlet 
carbene.  
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N-Heterocyclic carbenes can be easily prepared through the deprotonation of the 
corresponding imidazolium (or imidazolinium) salts (Figure 1.3).4 These NHCs are 
electronically and sterically stabilized; the steric protection of the carbene carbon by the 
bulky N-substituents enhances the stability of the carbene. In addition, inductive and 
resonance effects by the neighboring heteroatoms contribute to the stabilization of NHCs. 
A number of NHC-metal complexes have been synthesized by simple complexation of 
those stable carbenes4 or transmetalation with an NHC-Ag complex18 (figure 1.3). NHCs 
are strong two electron donors, which bind to metals tightly. Due to the strong bond, 
NHC-metal complexes are often stable to heat, moisture, and oxygen.19 Experimental and 
theoretical studies support the strong donor ability of NHCs.20 For example, the electron-
donating property can be quantified by the comparison of CO stretches in the IR spectra 
of the (L)Ni(CO)3 complex 1.8.21  As the data summarized in Table 1.1 indicate, electron-
rich NHCs are stronger  electron donor ligands than the most basic trialkyl phosphine.  
                                                 
(18) For a review on NHC-Ag complexes, see: Garrison, J. C.; Youngs, W. J. Chem. Rev. 2005, 105, 
3978‒4008. 
(19) Herrmann, W. A.; Elison, M.; Fischer, J.; Kocher, C.; Artus, G. R. J. Angew. Chem. Int. Ed. Engl., 
1995, 34, 2371‒2373. 
(20) For reviews on electronic and steric effects in the bonding of NHC to transition metals, see: (a) 
Cavallo, L.; Correa, A.; Costabile, C.; Jacobsen, H. J. Organomet. Chem. 2005, 690, 54075413. (b) Díez-
González, S.; Nolan, S. P. Coord. Chem. Rev. 2007, 251, 874883.  
(21) (a) Dorta, R.; Stevens, E. D.; Hoff, C. D.; Nolan, S. P. J. Am. Chem. Soc. 2003,125, 1049010491. (b) 
Dorta, R.; Stevens, E. D.; Scott, N. M.; Costabile, C.; Cavallo, L.; Hoff, C. D.; Nolan, S. P. J. Am. Chem. 
Soc. 2005,127, 24852495. 
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1.3  Cu-Free Catalytic Enantioselective Allylic Alkylations of 
Trisubstituted Allylic Chlorides with Grignard Reagents  
In this section, we will describe Cu-free catalytic EAA reactions of -alkyl--
chloro--unsaturated esters with alkyl Grignard reagents22 promoted by a chiral NHC 
ligand (Scheme 1.5).23 Products bear an all-carbon quaternary stereogenic center flanked 
by modifiable alkene and ester groups.24 To the best of our knowledge, this is the first 
                                                 
(22) Karl, A.; Argade, N. P. Synthesis 2005, 2995‒3022. 
( 23 ) For a related Cu-catalyzed EAA method with amino acid-based chiral ligands and involving 
dialkylzinc reagents, see: (a) Murphy, K. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2003, 125, 4690‒4691. (b) 
Murphy, K. E.; Hoveyda, A. H. Org. Lett. 2005, 7, 1255‒1258. 
(24) Products obtained can be used to access enantiomerically enriched tertiary alcohols and amines. See: 
Leuser, H.; Perrone, S.; Liron, F.; Kneisel, F. F.; Knochel, P. Angew. Chem., Int. Ed. 2005, 44, 4627‒4831. 
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catalytic EAA method that involves Grignard reagents and affords all-carbon quaternary 
stereogenic centers (Cu-catalyzed protocols included). 
 
Our approach is based on the principle that association of a Lewis base to an 
alkylmagnesium halide may cause redistribution of the electron density, affording a 
Lewis base•RMgX complex that exhibits enhanced nucleophilicity and perhaps a 
different mode of reactivity (vs the original alkylmetal). As illustrated in Figure 1.4, the 
possibility of elevated nucleophilicity of alkylmagnesium by Lewis basic ligands is 
supported by an increase in C‒Mg bond lengths of the derived Et2O complexes 1.9 
(2.17Å vs MgEt2 2.13Å),25 which is also observed in the X-ray structure of a Lewis basic 
NHC-bound MgEt2 complex 1.10 (2.25Å vs MgEt2 2.13Å).26 The latter example also 
provides evidence for the existence of NHC-Mg complexes and the ability of an NHC to 
act as an electron donor to enhance nucleophilicity of an alkylmetal.  
                                                 
(25) Ehlers, A. W.; van Klink, G. P. M.; van Eis, M. J.; Bickelhaupt, F.; Nederkoorn, P. H. J.; Lammertsma, 
K. J. Mol. Model. 2000, 6, 186‒194. 
(26) Arduengo, A. J., III; Dias, R.; Davidson, F.; Harlow, R. L. J. Organomet. Chem. 1993, 462, 13‒18. 
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1.3.1  Identification of an Optimal Lewis Base 
The effect of a number of representative simple Lewis basic agents on the 
reaction of i-PrMgCl with allylic chloride 1.11a is summarized in Table 1.2. Without a 
Lewis base (entry 1), reaction delivers only 28% of the undesired cyclopropane 1.14a (<2% 
allylic alkylation). The presence of 5 mol % PPh3 (entry 2) has no effect, and (O)PPh3 
gives <10% allylic alkylation (<2:>98 1.12a:1.13a, entry 3). However, in the presence of 
5 mol % N-heterocyclic carbene, which is generated in situ from the reaction of an 
imidazolinium salt I-4 with i-PrMgCl, Cu-free catalytic alkylation proceeds to 60% 
conversion and allylic alkylation products 1.12a and 1.13a are obtained (30% of the 
product mixture, 50:50 SN2’:SN2, entry 4) along with 30% of cyclopropane 1.14a. The 
latter change in reactivity, albeit modest, indicates that an NHC can enhance and alter 
reactivity (SN2’ addition product obtained only with I-4). 
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Next, we turned our attention on the chiral Lewis base systems. As shown in eq 
1.1, alkylation of allylic chloride 1.11a with i-PrMgCl in the presence of 2.5 mol % chiral 
NHC-Ag(I) complex 2 (Figure 1.5) proceeds to 87% conversion (vs 3060% in Table 
1.2). Cyclopropane 1.14a and ,-unsaturated ester 1.15a 27  are the major products; 
nonetheless, the desired SN2’ product 1.12a is generated in 94.5:5.5 er (7% of 1.12a). The 
inefficiency of NHC-Ag complex 2 may be the result of the energetically unfavorable 
Ag-Mg exchange.18 
t
t-
t- t-
i
t-
i
i
i
 
                                                 
(27) No enantioselectivities of  byproducts 1.14a and 1.15a were observed (50:50 er). 
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As illustrated in Table 1.3, we examined the ability of chiral bidentate imidazolinium 
salts (Figure 1.5), which generate NHC-Mg(II) alkyl complexes in situ through 
deprotonation by i-PrMgCl, to promote enantioselective allylic alkylation of allylic 
chloride 1.11a with i-PrMgCl. The reaction in the presence of 5 mol % of naphthol-based 
imidazolinium chloride I-1 proceeds to 59% conversion, affording only 5% of the desired 
product 1.12a with 56:44 er and 17:83 SN2’:SN2 along with 29% of cyclopropane 1.14a 
(entry 1), but 1.15a is not detected (eq 1.1). With 5 mol % chiral imidazolinium chloride 
I-2, the reaction is more efficient and enantioselective than that with I-1, generating 56% 
of the SN2’ product 1.12a (vs 5% with I-1), as the major regioisomer (77:23 vs 56:44 
SN2’:SN2 with I-1), with high enantioselectivity (96.5:3.5 er, >98% conv, entry 2). The 
use of imidazolinium salt I-3 bearing a sulfonate group diminishes regioselectivity (40:60 
SN2’:SN2) and enantioselectivity (70:30 er, entry 3), albeit with >98% conversion. In 
order to explore whether the further improvement of selectivities can be achieved, we 
carried out ligand screening studies with sterically and electronically modified chiral 
imidazolinium salts I-5‒I-9 bearing a biphenol moiety (Figure 1.5). The less sterically 
hindered chiral imidazolinium salts I-5 and I-6 result in similar levels of 
enantioselectivity of 1.12a (96.3:3.5 er and 96:4 er, entries 4 and 5); the undesired SN2 
product 1.13a is generated as a major (38:62 and 36:64 SN2’:SN2, respectively). The 
result in entry 6 shows that the sterically demanding imidazolinium salt I-7 bearing a 
triisopropylphenyl group does not catalyze EAA of 1.11a (<2% allylic substitution) and 
only cyclopropane product 1.14a is obtained from the uncatalyzed reaction (33%, entry 
6). Reaction in the presence of more electron-rich chiral imidazolinium chloride I-8, 
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when compared to I-2, proceeds to 89% conversion, affording 1.12a with similar levels 
of enantio- and regioselectivity (71:29 SN2’:SN2, 95:5 er, entry 7). The reaction with 
chiral salt I-9 bearing tert-butyl groups on the meta-position of the N-aryl moiety is less 
efficient and enantioselective (73% conv and 64.5:35.5 er in entry 8 vs >98% conv and 
96.5:3.5 er in entry 2). Therefore, chiral biphenol-containing imidazolinium chloride I-2 
was considered as optimal among the catalyst candidates examined. 
i i i
i
i
t
t
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1.3.2  Cu-Free EAAs with Various Grignard Reagents 
Cu-free catalytic EAA reactions of -methyl-trisubstituted allylic chlorides 1.11a 
and 1.11b with various alkyl-based Grignard reagents in the presence of chiral 
imidazolinium salt I-2 are summarized in Table 1.4. Several points regarding the data in 
Table 1.4 are noteworthy: (1) Catalytic EAA reactions of methyl ester 1.11b (entries 
8‒13) are more enantio- and regioselective than those of tert-butyl ester 1.11a 
(entries1‒6). For example, addition of cyclohexylmagnesium chloride to methyl ester 
1.11b delivers the desired product 1.28 with higher regio- (92:8 SN2’:SN2) and 
enantioselectivity (97:3 er, entry 13), compared to that for tert-butyl ester 1.11a where 
the desired product 1.20 is obtained in 50:50 SN2’:SN2 and 86.5:13.5 er (entry 5). (2) 
Primary alkyl additions (entries 8‒10) to 1.11b result in lower enantioselectivities 
(73.5:26.5‒88:12 er) and are relatively less reactive (41‒93% conv) than those observed 
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with more hindered secondary alkyl Grignard reagents (87.5:12.5‒98.5:1.5 er, 95% to 
>98% conv, entries 11‒13). (3) The sterically demanding tert-butylmagnesium chloride 
does not proceed to alkylation (<5% conv, entries 7 and 14). (4) In some instances, the 
undesired cyclopropane is generated more. This may be due to the relatively slow rate of 
the enantioselective alkylation (vs uncatalyzed addition). This hypothesis was supported 
by the fact that slow addition of 1.11b (syringe pump; 17 h) in the reaction with c-
hexMgCl delivers the EAA product 1.28 in 95.5:4.5 er along with only 15% of the 
derived cyclopropane (vs 27% in entry 13).  
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Catalytic EAAs with Grignard reagents promoted by a chiral NHC ligand can be 
applied to trisubstituted allylic chlorides bearing a longer alkyl chain such as ethyl and n-
butyl group (vs methyl group) on the -carbon; products bearing an all-carbon quaternary 
stereogenic centers are obtained in 77:23‒93:7 SN2’:SN2 and 92.5:7.5‒99:1 er. As 
depicted in entries 3‒4 of Table 1.5, EAA reactions of allylic chlorides bearing a methyl 
ester with i-PrMgCl in the presence of 5 mol % imidazolinium salt I-2 proceed to >98% 
conversion in 24 h, affording the SN2’ products 1.32 and 1.33 with high regioselectivity 
(91:9 SN2’:SN2) and enantioselectivity (98.5:1.5 er and 99:1 er, respectively, entries 3‒4) 
along with only 7% cyclopropane products. As was the cases in Table 1.4, we found the 
same steric effect of the ester substituent in comparison of entries 1‒2 and 3‒4. Isopropyl 
additions to ethyl or n-butyl-substituted allylic chlorides (entries 1‒2) bearing a tert-butyl 
ester are less efficient; alkylations require higher ligand loading (10 mol % I-2 vs 5 mol % 
I-2) and longer reaction times (48‒72 h vs 24 h) to afford the desired products 1.30 and 
1.31 with moderate yields (54% and 49% after purification, respectively). 
Cyclopentylmagnesium chloride activated by the NHC complex derived from I-2 
undergoes alkylations, furnishing 1.34 and 1.35 in 77:23‒88:12 SN2’:SN2 and 
92.5:7.5‒95:5 er (entries 5‒6). The data summarized in entries 7 and 8 of Table 1.5 
illustrate that additions of cyclohexylmagnesium chloride to methyl ester substrates are 
highly regio- and enantioselective (92:8 and 93:7 SN2’:SN2, 98:2 er), although higher 
ligand loading is required (10 mol % I-2) to deliver products 1.36 and 1.37 with 
appreciable yields (60% and 57 %, respectively).  
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The present method is user friendly and atom economical. In addition, it 
complements the related protocol of Cu-catalyzed EAA with amino acid-based ligand 
involving dialkylzinc reagents,23b where secondary alkylzinc reagents participate in 
catalytic EAA with low enantioselectivity (<75:25 er). It should be noted that reactions 
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can be performed with commercial Grignard reagents 28  to give similar levels of 
selectivity (e.g., 82:28 SN2’:SN2 and 97.5:2.5 er for product 1.26 vs 90:10 SN2’:SN2 and 
98.5:1.5 er in entry 11 of Table 1.4), as shown in Scheme 1.6. The use of 
alkylmagnesium bromide, however, leads to less efficient and less selective processes in 
eq 1.2. 
 
 
In addition to the formation of all-carbon quaternary stereogenic centers, we 
examined the synthesis of tertiary stereogenic centers through the Cu-free EAA with 
alkyl Grignard reagents. As indicated in entry 1 of Table 1.6, reaction of -methyl- 
substituted allylic chloride 1.38 under the same conditions used in Tables 1.4 and 1.5 
proceeds to 65% conversion with moderate enantioselectivity (77:23 er) and achiral SN2 
product is obtained predominantly (20:80 SN2’:SN2). Alkylation of disubstituted substrate 
1.39 is efficient, but not as enantioselective as trisubstituted allylic chloride 1.11a 
(82.5:17.5 er vs 96.5:3.5 er in entry 2 of Table 1.3). 
                                                 
(28) Isopropyl magnesium chloride in THF (2.0 M solution) was purchased from Aldrich Chemical Co. 
(packaged under nitrogen in Sure/Pac metal cylinders).   
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Subsequently, we investigated the Cu-free EAA of phenyl-substituted allylic 
chlorides 1.40 and 1.42, instead of alkyl esters. As illustrated in eq 1.3, the alkylation of 
1.40 with i-PrMgCl in the presence of 5 mol % I-2 at ‒78  oC does not proceed (<2% 
conversion). The reaction at the elevated temperature (–30 oC) affords the SN2' product 
1.41 in 69:31 er and 35:65 SN2': SN2 with 35% conversion. The above findings led us to 
hypothesize that coordination of a Lewis basic oxygen of the ester substrate to in situ-
generated NHC-Mg complex would play an important role to facilitate reactions. Based 
on this hypothesis, we carried out alkylation of an allylic phosphate 1.42 that bears 
oxygen atoms on the phosphate group, which may chelate with an NHC-Mg complex. As 
expected, allylic phosphate 1.42 undergoes alkylation more efficiently than allylic 
chloride 1.40, but conversion still suffers. The reaction of allylic phosphate 1.42 at ‒78 oC 
provides the SN2' product 1.41 with 5% conversion and low enantioselectivity (68.5:31.5 
er, eq 1.4); alkylation at ‒50 oC proceeds to 50% conversion, but almost no selectivities 
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(40:60 SN2’:SN2, 55.5:44.5 er). Unlike those performed in the presence of Cu salt,29 Cu-
free EAA reactions with substrates that lack a carboxylic ester group are inefficient and 
proceed with little or no regio- or enantioselectivity as represented in eqs 1.3 and 1.4.  
i
i
 
 
1.3.3  Understanding Mechanistic Models for Cu-Free EAA of Grignard Reagents 
N-Heterocyclic carbenes in Cu-free EAAs may behave as Lewis basic ligands, 
coordinating to alkylmetal reagents to activate them, or behave as nucleophiles, which 
attack electrophilic allylic substrate directly. The latter scenario is also plausible because 
NHCs have strong two electron donors and have shown ability to act as nucleophiles in 
organocatalyzed reactions. 30  For example, in the benzoin condensation reaction 
                                                 
(29) (a) Luchaco-Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2001, 
40, 1456‒1460. (b) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676‒10681. (c) 
See: ref (5d) and (5e). 
(30) (a) Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719‒3726. For representative reviews about heterocyclic 
carbenes as organocatalysts, see: (b) Enders, D.; Balensiefe, T. Acc. Chem. Res. 2004, 37, 534‒541. (c) 
Marion, N.; Díez-González, S.; Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2988‒3000. (d) Enders, D.; 
Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606‒5655. 
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represented in Scheme 1.7, carbene A attacks the carbonyl of benzaldehyde 1.45 to 
generate an active aldehyde. The hydroxyl-enamine-type Breslow intermediate C acts as 
the nucleophilic acylation reagent for subsequent condensation. 
 
In order to get an insight into mechanistic details of NHC-catalyzed EAAs and to 
establish whether the NHC reacts with allylic chloride directly as a nucleophile, we 
carried out a study where a stoichiometric amount of the NHC was used. The reaction of 
allylic chloride 1.11a with 2.0 equiv i-PrMgCl31 in the presence of 1.0 equiv of chiral salt 
I-2 leads to <2% conversion; only starting material was recovered. Thus, we suspect from 
this initial study that catalytic EAA does not involve the direct addition of the carbene to 
allylic chloride to give enantiomerically enriched electrophiles. 
                                                 
(31) One equivalent of i-PrMgCl is used for deprotonation of imidazolinium chloride I-2, generating the 
carbene and another equivalent of i-PrMgCl for deprotonation of biphenol moiety on N-aryl substituent.  
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Next, we prepared modified chiral imidazolinium salts I-10 and I-11 to determine 
whether the phenolic-OH in the NHC I-2 has an influence on the reactivity in EAA. The 
reaction of 1.11a in the presence of I-10 or I-11 generates only cyclopropane product; <2% 
allylic alkylation products are observed. The inactivity of chiral salts I-10 and I-11 (<2% 
EAA) underlines the significance of the phenolic-OH in I-2. Loss of activity, presumably 
owing to the bulk of the chiral ligand, is therefore more than regained by the presence of 
the hydroxyl unit (I-10 and I-11 vs I-4, Table 1.2). Thus we propose that catalytic EAA 
involving imidazolinium salt I-2 is likely initiated by the formation of an O‒Mg bond, 
facilitating the generation of an NHC•Mg complex such as VII (or its diastereomer; 
metal center is stereogenic in VII and VIII), which can be converted to alkylmagnesium 
complex VIII.32  
 
 
In this study, specific models regarding the identity of the Mg complex and the 
origin of enantioselectivity were difficult to propose. Our efforts to secure and analyze 
rigorously an NHC-Mg complex, such as that derived from a chiral bidentate 
                                                 
(32) Catalytic EAA of 1.11a with (i-Pr)2Mg affords 1.12a in 97:3 er and 80:20 regioselectivity (95% 
conversion, 24% cycloprop. 1.14a under Table 1.2 conditions). 
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imidazolinium salt, proved unsuccessful. We therefore turned our attention to the 
corresponding Zn-based chiral carbenes, since we surmised that an NHC-metal complex 
derived from a late transition metal would be less elusive. In addition, investigation of 
Cu-free EAA reactions with organozinc and organoaluminum reagents would allow us to 
determine whether such protocols are effective with a wider range of substrates. 
 
1.4  Cu-Free Enantioselective Allylic Alkylations with Dialkylzinc 
Reagents. Stereogenic-at-Metal Zn-Based NHC Complexes as 
Bifunctional Catalysts 
1.4.1  Evaluation of NHCs and Other (non-carbene) Lewis Bases 
We began by examining the ability of an in situ-generated NHC–Zn complex to 
catalyze EAA reactions. We probed the effectiveness of complexes derived from achiral 
and chiral imidazolinium salts as well as Ag-based NHC complex 3 to promote the 
reaction with allylic phosphate 1.47a and Et2Zn (Table 1.7). Transformations were 
carried out at 0 °C in THF and were allowed to proceed for 24 hours. As indicated in 
entry 1 of Table 1.7, there is no reaction between 1.47a and Et2Zn under such conditions 
in the absence of a catalyst. In the presence of 5.0 mol % achiral imidazolinium salt I-4, 
which is likely converted to the corresponding NHC–Zn complex through deprotonation 
by the dialkylzinc reagent, there is 20% conversion to 1.48, which is generated with 
complete regioselectivity (>98:<2 SN2’:SN2). When chiral bidentate imidazolinium salt I-
1 is used, the amount of the desired product is nearly doubled (38% conv), a strong 
preference for SN2’ mode of addition persists, and 1.48 is formed in 86:14 er (entry 3, 
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Table 1.7). Alkylation promoted by the carbene derived from I-2 (entry 4) proceeds with 
high regioselectivity (>98:<2) and improved enantioselectivity (94:6 er), but the 
transformation is less efficient than that catalyzed by I-1 (18% conv vs 38% conv). Use 
of the methyl ether I-11 derived from imidazolinium salt I-2 leads to complete erosion of 
catalytic activity, as shown in entry 5 of Table 1.7. Chiral NHC–Zn complexes from 
valinol-derived imidazolinium salt I-12 as well as chiral monodentate imidazolinium salt 
I-10 are entirely ineffective (entries 6–7); this is either because deprotonation by the 
organometallic reagent and generation of the chiral Zn-based complex is inefficient, or, 
more likely, due to inability of the derived NHCs to provide the proper nucleophilic 
activation. 
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The most active catalyst is the NHC-Zn complex derived from chiral 
imidazolinium sulfonate I-3: >98% conversion is observed and the desired product 1.48 
is isolated in 64% yield with >98% regioselectivity and in 82:18 er (entry 8). As was the 
case with I-2 in contrast to I-11 (entries 4–5, Table 1.7), catalytic activity is lost with I-
13 when the sulfonate group is alkylated (entry 9, Table 1.7). In spite of high 
regioselectivity and appreciable enantioselectivity, EAA with the derived Ag-based 
complex 3 is inefficient (7% conv; entry 10). Spectroscopic studies (400 MHz 1H NMR) 
indicate a particularly sluggish Ag–Zn exchange as the likely source of the minimal 
catalytic activity.  Monitoring of a mixture consisting of a 10:1 mixture of Et2Zn and Ag-
based complex 3 (d8-THF, 22 °C) indicates only 45–50% conversion after 48 hours to a 
new NHC complex (the expected Zn complex; see below for details); when the process in 
entry 10 (Table 1.7) is allowed to proceed for 48 hours, conversion is increased to 38%, 
furnishing 1.48 with high regioselectivity (>98% SN2’) and in 78:22 er. It should be noted 
that the alkylation process in entry 10 of Table 1.7 is performed at 0 °C (vs 22 °C used 
for the spectroscopic analysis mentioned before).33 
The findings in entries 11–13 of Table 1.7 underline the unique ability of NHC-
based complexes to serve as effective catalysts for EAA reactions with a dialkylzinc 
reagent. Attempts to promote alkylation through the use of triphenylphosphine (entry 11), 
the derived phosphine oxide (entry 12), or dppe (entry 13), resulted in complete recovery 
of the starting material (1.47a). 
                                                 
(33) Reaction with NHC-Ag 3 at 22 °C proceeds to 95% conversion after 48 h, affording the desired 
product 1.48 with 71:29 er and 84:16 SN2’:SN2 accompanied with the generation of the unidentified 
byproduct (~20%). 
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1.4.2  NHC-Zn-catalyzed EAAs of Disubstituted Allylic Phosphates   
Cu–free EAA reactions, catalyzed by the NHC–Zn complex derived from 
imidazolinium sulfonate I-3, can be performed with a range of dialkylzinc reagents and 
allylic phosphates (Table 1.8). The achiral product, derived from SN2 mode of addition, is 
not detected in any of the transformations depicted in Table 1.8. Alkylations of Me2Zn 
and n-Bu2Zn to 1.47a are efficient, affording the SN2’ products 1.49 (61% yield) and 1.51 
(89% yield), albeit with moderate enantioselectivities (77.5:22.5 er and 76:24 er, entries 1 
and 3, respectively). Sterically demanding i-Pr2Zn addition to 1.47a requires a longer 
reaction time to proceed appreciable conversion (60 h, 67% conv in entry 2) than primary 
alkylzinc regents (e.g., 24 h, >98% conv in entry 3), but results in high enantioselectivity 
(90.5:9.5 er, entry 2). The Zn complex derived from I-3 can be used to obtain the desired 
products, which bear a sterically demanding an aryl unit (entry 4‒6), an alkyl (entries 7–
9) or a silyl (entries 10–11) substituent, in useful degrees of enantiomeric purity (86:14–
96:4 er). Even in instances where use of a less reactive organozinc reagent and a sizeable 
alkene substituent requires EAA to be performed at ambient temperature, transformations 
proceed with appreciable enantioselectivity (e.g., 93:7 er for alkylations of (PhMe2Si)-
substituted alkene 1.47f with n-Bu2Zn in entry 11, Table 1.8). Transformations 
represented in entries 1–11 in Table 1.8 demonstrate that Zn-catalyzed processes, 
although less efficient, proceed with similar enantioselectivity as the corresponding Cu-
catalyzed variants. For example, EAA with (i-Pr)2Zn and 1.47e in the presence of 1.0 mol 
% of the Cu-based catalyst derived from treatment of Ag-based dimeric NHC complex 2 
(Figure 1.5) and CuCl2•2H2O proceeds to >98% conversion in 24 hours (–15 °C), 
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delivering 1.57 in 68% yield, >98:<2 SN2’:SN2 and 98.5:1.5 er34 (vs 81% conv, 64% 
yield, >98:<2 SN2’:SN2 and 96:4 er with 10 mol % NHC–Zn complex derived from I-3 at 
0 °C for 24 h, entry 9 in Table 1.8). 
 
1.4.3  NHC-Zn-catalyzed EAAs of Trisubstituted Allylic Phosphates  
Next, we sought to challenge the catalytic activity of the NHC–Zn complex in the 
context of reactions that involve trisubstituted olefins, and which generate all-carbon 
quaternary stereogenic centers. As the data illustrated in Table 1.9 show, the Cu-free 
catalytic conditions for EAA reactions of dialkylzinc reagents to trisubstituted olefins of 
allylic phosphates in the presence of chiral imidazolinium salt I-3 proceed to afford the 
desired products 1.61‒1.68 in 52–91% yield and 93.5:6.5–97.5:2.5 er without any 
                                                 
(34) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. 
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detectable amount of achiral SN2 product. The data in entries 1‒3 of Table 1.9 summarize 
that additions of Et2Zn, n-Bu2Zn, and i-Pr2Zn to phenyl substituted substrate 1.60a with 
5‒10 mol % I-3 provide the SN2’ product with high enantioselectivities (95.5:4.5 er) and 
52‒91% yield after purification. EAAs of substrates bearing electron-withdrawing aryl 
units 1.60b and 1.60c with Et2Zn at ‒30 °C in 48 h proceed to complete conversion, 
affording 1.64 and 1.65 in 94.5:5.5 er (entries 4‒5). An aliphatic phosphate 1.60d (entry 6) 
undergoes highly enantioselective alkylation (97.5:2.5 er), albeit with moderate yield of 
the desired SN2’ 1.66 (72% conv, 58% yield). Comparison of the data in Table 1.8 with 
those in Table 1.9 indicates that Zn-catalyzed reactions of the more substituted olefins 
(Table 1.9) generally proceed with higher enantioselectivities than those of the 
corresponding disubstituted alkenes (Table 1.8). It should also be noted that for reaction 
of sterically demanding (i-Pr)2Zn, reaction temperature must be raised to 0 °C (entry 3); 
regardless, C–C bond formation proceeds without significant diminution in 
enantioselectivity.   
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In addition to EAA involving alkylzinc reagents, we examined NHC-Zn-catalyzed 
addition of diarylzinc reagents to allylic substate. As shown in eq 1.5, when Ph2Zn is 
used, alkylation of tert-butyl ester substrate 1.60e at 22 oC proceeds to 94% conversion 
with 85% yield of 1.69 in 73:27 er. All attempts to improve enantioselectivity proved 
unsuccessful. Thus, the design and development of chiral NHC ligands is required for 
more enantioselective arylzinc additions.  
 
1.4.4  Elucidation of the Structure of a Chiral Bidentate NHC–Zn(II) Complex 
To establish the identity of the purported chiral NHC–Zn complex, we first set out 
to gain insight through spectroscopic studies. Thus, as illustrated in Scheme 1.8, 
subjection of I-3 to 3.0 equivalents of Et2Zn at 22 °C for 24 hours leads to clean 
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formation of a new complex that exhibits distinct signals in the 1H NMR spectrum of a 
monomeric bidentate Zn-carbene 1.70.  Representative key values are shown in Scheme 
1.8.  In the 1H NMR spectrum (400 MHz), the protons of the Et unit are represented by 
signals at  +0.63 (methyl) and –0.63 ppm (methylene); the upfield shift of the signals of 
the Et group, particularly that of the methylene group of the EtZn(NHC) (from  +0.02 
ppm to –0.63 ppm), is congruent with the  donating effect of the N-heterocyclic carbene, 
causing an increase in the electron density of the bound carbon. The chemical shift value 
in the 100 MHz 13C NMR spectrum for the transition metal-bound carbene carbon ( 
204.0 ppm) is consistent with previously reported chemical shifts for monodentate NHC–
Zn complexes (IMes-ZnEt2: ppm. 35 
                                                 
(35) For reports regarding X-ray structures of monodentate NHC–Zn(II) complexes, see: (a) Arduengo, A. 
J., III; Rasika Dias, H. V. R.; Davidson, F.; Harlow, R. L. J. Organomet. Chem. 1993, 462, 13–18. (b) 
Wang, D.; Wurst, K.; Buchmeiser, M. R. J. Organomet. Chem. 2004, 689, 2123–2130. 
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The nOe studies resulted in an unexpected observation; as illustrated in Scheme 1.8, 
spectroscopic investigations led us to establish that the arylsulfonate coordinates to the 
Zn metal such that it is situated syn to the adjacent Ph moiety of the NHC.  The results of 
the spectroscopic studies, as depicted in Scheme 1.8, are supported by X-ray 
crystallographic studies. The unexpected stereochemical mode of sulfonate coordination, 
involving a Zn-O bond that is not longer than expected,36 is in contrast to that observed in 
the dimeric Ag-based NHC complex 3 (Table 1.7). It therefore appears that chelation of 
the sulfonate with the Zn center causes tilting of the N-aryl unit (Ccarbene‒N‒C‒C dihedral 
angle = 49.5°) such that the ortho unit of the same substituent (H1 in 1.70, Scheme 1.8) 
                                                 
(36) A Zn-O bond length of 2.078 Å has been observed for Zn(OSO2CF3)4•THF complex. (X-ray analysis; 
see: Amel’chenkova, E. V.; Denisova, T. O.; Nefedov, S. E. Neorg. Khim. 2006, 51, 1218‒1263.) 
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and the backbone of the N-heterocyclic carbene (H2 in 1.70) are brought into a degree of 
propinquity that would be destabilizing if the coordinating group and the neighboring 
phenyl group of the NHC were to adopt an anti orientation (i.e., transpose H2 and Ph in 
1.70). The previously observed anti relationship (established by X-ray, shown in Figure 
1.6)5h between the phenyl group of the NHC and the sulfonate in dimeric Ag complex 3 
is likely because chelation involves a metal that is bound to the other sulfonate of the 
dimeric complex. Thus, the smaller Ccarbene‒N‒C‒C dihedral angle in the dimeric 
structure (~2° vs a more significant tilt of ~50° in 1.70) causes the steric repulsion 
between the sulfonate and the phenyl unit to be the dominant factor, leading the two 
groups to be oriented anti to one another. It is for similar reasons that the sulfonate unit is 
anti to the NHC’s phenyl substituent in imidazolinium salt I-3 (X-ray).5h 
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The Zn–C bond in Et2Zn has been calculated to be 1.950 Å;37 the corresponding 
values are increased to 1.982 Å in 1.70. However, due to large number of steric and 
electronic differences caused by NHC and its sulfonate tether, caution should be 
exercised as to whether comparison of these data shed any meaningful light on the effect 
of the bidentate carbene association with the alkylzinc reagent. 
1.4.5  Catalytic Cycle for NHC-Zn-Catalyzed EAA Reactions 
With a well-characterized enantiomerically and stereoisomerically pure chiral 
bidentate NHC–Zn complex in hand, we turned to examining the ability of 1.70 to serve 
as a catalyst for EAA reactions.  Subjection of allylic phosphate 1.47a to one equivalent 
of 1.70 under conditions used for transformations in Table 1.7 (THF, 22 °C, 24 h), results 
in complete recovery of the starting material (Scheme 1.9). When 30.0 equivalents of 
Et2Zn is introduced, establishing a catalyst:dialkylzinc ratio that resembles that of the 
catalytic process (30–60:1), the alkylation process completely consumes the allylic 
phosphate substrate, affording 1.48 in 82:18 er and with >98% SN2’ selectivity. 
                                                 
(37) For DFT calculations on lengths of bonds in dialkylzinc reagents, see: (a) Markies, P. R.; Schat, G.; 
Akkerman, O. S.; Bickelhaupt, F.; Smeets, W. J. J.; Spek, A. L. Organometallics 1990, 9, 2243–2247. (b) 
Haaland, A.; Green, J. C.; McGrady, G. S.; Downs, A. J.; Gullo, E.; Lyall, M. J.; Timberlake, J.; Tutukin, 
A. V.; Volden, H. V.; Østby, K-A. Dalton Trans. 2003, 4356–4366. 
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The above findings indicate that the ability of the chiral NHC–Zn complex to 
serve as an alkylation catalyst requires the presence of a dialkylzinc. It appears that, 
unlike the initially suggested scenario in Scheme 1.1 (see vi), the chiral complex does not 
directly alkylate the allylic phosphate; that is, the alkyl group of 1.70 is probably not 
transferred to the substrate. Alternatively, we put forward the mechanistic hypothesis 
presented in Scheme 1.9, involving the intermediacy of IX. The alkylation process might 
commence with replacement of the bound THF in 1.70 by a substrate molecule; the 
Lewis basic phosphate serves as the point of association with the Lewis acidic Zn center.  
Generation of the catalyst•substrate complex IX gives rise to activation of the allylic 
phosphate towards reaction with the dialkylzinc reagent, which, in turn, is delivered by 
the protruding Lewis basic oxygen of sulfonate unit.  It is important to note that the 
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Lewis basicity of the sulfonate is likely substantially enhanced due to strong electron 
donation from the NHC via the transition metal. The significance of a sulfonate oxygen 
that is properly situated to cause delivery of the dialkylzinc reagent, an attribute directly 
linked to the conformationally rigid structure of the bidentate NHC, is underlined by the 
ineffectiveness of the corresponding alkyl-sulfonate I-13 (see Table 1.7). The inactivity 
of I-13 is in agreement with the contention that it is likely the bidentate NHC complex 
that promotes alkylation (vs the dissociated zwitterionic variant). The above scenario is 
further supported by the fact that the corresponding allylic chlorides (vs phosphates) are 
entirely ineffective as substrates in this class of Zn-catalyzed EAA reactions; the less 
Lewis basic halide likely does not chelate as effectively with the Zn center and the bound 
substrate is not properly situated for directed alkylation. For example, with the allylic 
chloride corresponding to 1.47a as the substrate, with 5 mol % I-3 and three equivalents 
of Et2Zn at 0 °C for 24 h, only 27% conversion to 1.48, which is formed in <55:45 er, is 
observed after 24 h. At ‒15 °C, 20% conversion is achieved and 1.48 is isolated in 
60:40 er. In cases where R1 (Scheme 1.9) is smaller in size than R2, such as the catalytic 
alkylations in Tables 1.8‒1.9, high efficiency and enantioselectivity is observed. If R1 is 
more sterically demanding than R2, however, delivery of the dialkylzinc reagent becomes 
energetically unfavorable (steric repulsion with the coordinated alkylmetal reagent). 
Consistent with this proposal, when the (Z)-olefin isomer corresponding to 1.60a is 
subjected to the same conditions as used in Table 1.9 (THF, ‒15 °C, 24 h), only 11% 
conversion is attained and rac-1.61 is isolated. The suggested mechanistic scheme also 
offers a plausible rationale regarding the unique efficiency of the sulfonate-containing 
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NHC complexes in promoting EAA of allylic phosphates with dialkylzinc reagents: the 
sulfonate oxygen is properly oriented to coordinate and deliver the alkylzinc reagent to 
react with the alkene of the Lewis acid-activated substrate. In addition, the 
aforementioned chelation elevates the nucleophilicity of the bound dialkylzinc reagent.  
In brief, the bidentate chiral NHC complex likely serves as a bifunctional catalyst.38 
The role that we put forward for the chiral catalyst’s sulfonate group and the 
significance of the pseudo-equatorially disposed sulfonate oxygen to alkylation efficiency 
and enantioselectivity is consistent with the substantially less effective activity of the 
corresponding carbonyl-containing NHC-Zn complex 1.71 (Scheme 1.10). That is, NHC-
Zn 1.71, which, based on spectroscopic studies (Scheme 1.10), likely bears a structure 
closely related to 1.70, does not contain an appropriately disposed Lewis basic oxygen to 
direct the addition of an alkylmetal reagent. Accordingly, in contrast to allylic alkylations 
performed in the presence of the NHC derived from sulfonate I-3, reactions involving 
carboxylate imidazolinium salt I-14 are far less efficient and enantioselective; the 
example depicted in Scheme 1.10 is illustrative. 
                                                 
(38) (a) See: ref (11). For studies regarding enantioselective additions of dialkylzinc reagents promoted by 
a chiral bifunctional catalyst, see: (b) Yamakawa, M.; Noyori, R. J. Am. Chem. Soc. 1995, 117, 6327–6335. 
(c) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R. J. Am. Chem. Soc. 1989, 111, 4028–4036. 
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The above mechanistic paradigm offers a rationale for the varied and substantially 
lower efficiency with which bidentate NHC–Zn complexes derived from imidazolinium 
salts I-1, I-2, and I-12 promote Cu-free alkylations (see Table 1.7).  In such complexes, it 
is likely the oxygen atom of the bridging aryloxy group that assists the addition of the 
dialkylzinc reagent. The attendant ineffectiveness of non-sulfonate complexes as catalysts 
might be partly due to the relative position of the Lewis basic directing group vis-à-vis 
the electrophilic  cloud of the bound substrate. The different degrees of catalyst activity 
(see Table 1.7) observed with complexes derived from I-1, I-2, and I-12 supports the 
latter contention. 
The lower effectiveness of the NHC derived from the sulfonate-containing 
imidazolinium salt I-3 (vs I-2) in reactions with alkylmagnesium halides may now be 
explained as well (Table 1.3). As shown in Scheme 1.11 (X and XI), the 
catalyst•substrate ensemble, containing an -chloro--unsaturated ester and the 
sulfonate-bearing NHC–Mg complex, does not allow for facile delivery of the 
alkylmagnesium halide to the electrophilic olefin site due to undesirable relative 
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orientation of the sulfonate group and the bound substrate. The electrophilic alkene is less 
removed from the metal center (vs alkene of the allylic phosphate in IX, Scheme 1.9) and 
effective alkylation demands a different positioning of the Lewis basic directing group.  
Examination of molecular models indicates that the sulfonate group should more readily 
promote the SN2 mode of addition (via X, Scheme 1.11); such undesired byproducts are 
obtained in significant amounts when I-3 is used to promote Cu-free EAA reactions with 
alkylmagnesium halides. In contrast, the Lewis basic oxygen in phenol-containing XII 
(Scheme 1.11), which is more proximal to the NHC–bound metal center, is better suited 
to direct the addition of the Grignard reagent to a -chloro--unsaturated ester. The 
present model offers a plausible rationale regarding the requirement for the presence of a 
substrate that bears an unsaturated carboxylic ester group for efficient Cu-free EAA 
reactions involving alkylmagnesium halides (see eqs 1.3 and eq 1.4). 
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In general, effective bifunctional catalysis hinges on cooperation between the two 
reaction-facilitating effects, which, individually, would not necessarily represent a 
sufficient driving force to catalyze a particular transformation. Such a principle implies 
that use of a more highly Lewis acidic complex derived from an NHC bearing an electron 
withdrawing sulfonate (I-3) must be matched with a less reactive alkylmetal reagent (i.e., 
dialkylzinc vs alkylmagnesium halide). Otherwise, Lewis base-directed alkylation might 
not be required for efficient reactivity, causing diminution in stereoselectivity. Consistent 
with such a proposal, catalytic alkylations of allylic phosphates in the presence of I-3 and 
Chapter 1, Page 48  
 
i-PrMgCl proceed with little or no enantioselectivity. As an example, reaction of 1.60a 
(Table 1.9) with 5 mol % I-3 and i-PrMgCl (2.0 equiv) leads to 54% conversion (‒50 °C, 
THF, 24 h) and formation of nearly racemic 1.63 (SN2’:SN2 = 57:43 vs 95.5:4.5 er, 
>98:<2 SN2’:SN2 with i-Pr2Zn in entry 3 of Table 1.9). The higher Lewis acidity of the 
NHC complex obtained from the sulfonate-bearing I-3 (vs phenol-containing I-2 
previously used in EAA with Grignard reagents) and the more Lewis acidic Mg(II) [vs 
Zn(II) in reactions of Tables 1.7‒1.9] could be responsible for such low selectivity. That 
is, with the strongly Lewis acidic NHC-Mg complex derived from sulfonate I-3 as well 
as the more nucleophilic Grignard reagent (vs a dialkylzinc) alkylation can occur without 
assistance by the resident Lewis basic sulfonate, leading to little or no stereochemical 
induction. Directed catalytic additions with alkylmagnesium halides thus require the less 
Lewis acidic NHC derived from phenol-based (vs sulfonate) I-2, as shown in Tables 
1.4‒1.5 (via XII in Scheme 1.11). 
 
1.5 Cu-Free Enantioselective Allylic Alkylations with Alkylaluminum 
Reagents. Synthesis and Characterization of a Chiral Bidentate NHC-
Al(III) Complex 
1.5.1 Initial Study of Cu-Free NHC-Catalyzed EAA with Me3Al 
In addition to Cu-free catalytic EAA reactions involving Mg- and Zn-based 
alkylating agents, we decided to establish whether, similar to Zn(II)-based carbenes, the 
corresponding chiral bidentate NHC-Al(III) complexes can be prepared, characterized, 
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and used as catalysts.39  First, we examined the ability of in situ-generated NHC-Al 
complex to promote Cu-free allylic alkylation of 1.47a with Me3Al. In the absence of a 
Lewis base, alkylation of allylic phosphate 1.47a with Me3Al proceeds only to 5% 
conversion (entry 1, Table 1.10). Similar to studies involving the dialkylzinc reagent 
(Table 1.7), use of ethylsulfonate I-13 or Ag-based complex 3 does not lead to product 
formation (entries 3‒4, Table 1.10). Unlike Cu-free EAA with dialkylzinc reagents, 
however, reaction with trimethylaluminum reagent in the presence of chiral 
imidazolinium salt I-3 (entry 2) results in only 10% conversion with 80:20 
regioselectivity and 66.5:33.5 er.40  
 
Spectroscopic studies, similar to those performed with Et2Zn (see Scheme 1.8), indicate 
that treatment of I-3 with five equivalents of Me3Al does not lead to NHC-Al complex 
                                                 
(39) For examples of Cu-catalyzed EAAs with alkyl- and vinylaluminum reagents, see: (a) Gillingham, D. 
G.; Hoveya, A. H. Angew. Chem., Int. Ed. 2007, 46, 3860‒3864. (b) Lee, Y.; Akiyama, K.; Gillingham, D. 
G.; Brown, M. K.; Hoveya, A. H. J. Am. Chem. Soc. 2008, 130, 446‒447. (c) Akiyama, K.; Gao, F.; 
Hoveyda, A. H. Angew. Chem., Int. Ed. 2010, 49, 419‒423.  
(40) Experiments with trialkylaluminum reagents are performed at ‒15 °C (vs 0 °C for dialkylzincs) since 
at elevated temperatures, alkylation products are formed through uncatalyzed processes. 
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formation after 24 h (THF, 22 °C). Only when the THF solution is allowed to reflux for 
100 h, 20% of a new entity is generated [the desired NHC-Al(III) complex; see below]. 
Thus, somewhat surprisingly, in contrast to Et2Zn, Me3Al does not readily deprotonate 
the imidazolinium salt, generating the derived Al-carbene; similar observations have been 
made with Et3Al.  
1.5.2  Synthesis of a Chiral Bidentate NHC-Al(III) Complex  
To access the desired NHC-Al(III) complex, we examined the possibility of a 
ligand exchange process between NHC-Zn(II) 1.70 and a trialkylaluminum reagent. As 
illustrated in Scheme 1.12, subjection of a THF-d8 solution of 1.70, generated from 
treatment of a sample of imidazolinium salt I-3 and Et2Zn for 20 h (22 °C), to three 
equivalents of Me3Al leads to formation of a new complex (55:45 1.70:1.72, same as that 
mentioned above) after 30 min based on analysis of the corresponding 400 MHz 1H NMR 
spectrum. Two new singlets appear at δ ‒1.40 and ‒1.74 ppm, which were assigned to the 
methyl groups of the Al-based complex 1.72; the 1H NMR signal for Me3Al appears at δ 
‒0.92 ppm in THF-d8 (Scheme 1.12).41 When an additional 10 equivalents of Me3Al is 
introduced and the mixture is allowed to stir for another 30 min, Al-based 1.72 emerges 
as the major component (75% of the mixture) and the Zn carbene 1.70 constitutes 25% of 
the mixture (Scheme 1.12). Subsequent studies allowed us to secure a suitable crystal of 
the Al complex 1.72, the structure of which is illustrated in Scheme 1.12.42  
                                                 
(41) The assignments of the chemical shifts for the two Al-bound methyls are based on the hypothesis that 
one alkyl unit resides directly below the π cloud of the mesityl group and should, due to anisotropic factors, 
be more effectively shielded (see X-ray of 1.72 in Scheme 1.12). 
(42) For a report regarding the X-ray structure of a monodentate NHCAlMe3 complex, see: (a) Li, X.-W.; 
Su, J.; Robinson, G. H. Chem. Commun. 1996, 2683–2684. For an X-ray structure of an NHC-AlH3, see: (b) 
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Similar to Zn-based 1.70 (Scheme 1.8), the sulfonate tether in 1.72 is syn to the adjacent 
phenyl group of the NHC backbone. One feature of the Al-based complex 1.72 is the 
shortening of the Al‒C bonds compared to those reported based on analysis of the X-ray 
crystal structure of Me3Al [1.94 Å vs 1.96‒1.98 Å for non-bridging methyl (2.13 Å for 
the bridging methyl)].43 It might be suggested that the shorter metal-methyl bond in 1.72 
                                                                                                                                                 
Arduengo, A. J., III.; Rasika Dias, H. V.; Calabrese, J. C.; Davidson, F. J. Am. Chem. Soc. 1992, 114, 
9724–9725. 
(43) Vranka, R. G.; Amma, E. L. J. Am. Chem. Soc. 1967, 89, 3121–3126. 
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might be partly due to the strongly electron-withdrawing sulfonate ligand, which induces 
polarization at the metal center, in turn strengthening the Al‒C bond through a strong 
electrostatic contribution. Similar Al‒C bond shortening within a complex that bears an 
N, O-bidentate complex has been previously observed (by X-ray diffraction). 44  The 
relatively small degree of lengthening of the Zn‒C bond in 1.70 (Scheme 1.8) is likely 
due to similar factors, since the aforementioned polarization effects are expected to be 
more dominant in the complex that involves the “harder” metal (Al). Such arguments, 
based on theoretical investigations, have been previously put forth to explain various 
structural attributes of bidentate methylzinc complexes.45 
1.5.3  Cu-Free EAAs with Me3Al in the Presence of NHC-Zn Complex  
 Since Me3Al does not efficiently deprotonate imidazolinium salt I-3 to generate 
the corresponding N-heterocyclic carbene, which serves to activate Me3Al directly, we 
investigated catalytic EAA with Me3Al in the presence of a catalytic amount of a 1:2 
mixture of I-3 and Et2Zn. We envisioned that NHC-Al(III) complex 1.72 might be 
generated from the transmetalation of in situ-generated NHC-Zn(II) complex 1.70 with 
Me3Al. As illustrated in Scheme 1.13, when 5 mol % imidazolinium salt I-3 was 
premixed with 10 mol % Et2Zn and then Me3Al was introduced, reaction proceeded to 
>98% conversion, affording the desired product 1.49 with 98:2 regioselectivity in 79:21 
er without detection of any ethyl addition product. To improve enantioselectivity, we 
examined modified chiral bidentate imidazolinium salts I-2 and I-15‒I-17. With phenol-
                                                 
( 44 ) The bond lengths of Al‒O bonds for dimethylaluminum N-phenylbenzimidate dimer 
[(CH3)2AlOC(C6H5)N(C6H5)]2 are both 1.940 Å by analysis of X-ray crystal structure. See: Kai, Y.; 
Yasuoka, N.; Kasai, N.; Kakudo, M. J. Organomet. Chem. 1971, 32, 165–179. 
(45) Weston, J. Organometallics 2001, 20, 713–720. 
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containing chiral salt I-2, reaction is not efficient and less enantioselective (21% conv, 
68:32 er, 92:8 SN2’:SN2) than with I-3 (79:21 er). The more sterically demanding 
diethylphenyl-substituted I-15 (vs trimethylphenyl-substituted I-3) results in lower 
enantioselectivity of the SN2’ product 1.49 (64:36 er). When a structurally modified 
imidazolinium sulfonate I-16 bearing one phenyl backbone is used, improved 
enantioselectivity (85:15 er) is achieved (>98% conv). Even with 1 mol % ligand loading 
of I-16, Cu-free EAA of 1.47a with Me3Al efficiently proceeds to afford the SN2’ 1.49 in 
85.5:14.5 er with 90% yield (>98% conv, eq 1.6). Compared to Cu-free EAA of 1.47a 
involving Me2Zn presented in entry 1 of Table 1.8, the corresponding transformation with 
AlMe3 is more efficient  (24 h vs 48 h and 1 mol % vs 5 mol % catalyst) and more 
enantioselective (85.5:14.5 er vs 77.5:22.5 er).   
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 Cu-free EAA reactions of a variety of disubstituted allylic phosphates with Me3Al 
in the presence of in situ-generated NHC-Zn complex afford the SN2’ products with high 
regioselectivity (up to >98:<2 SN2’:SN2) and appreciable enantioselectivity 
(83.5:16.5‒87.5:12.5 er). The requisite NHC-Zn complex 1.70 is prepared in situ from 
reaction of imidazolinium salt I-3 with Et2Zn; in all cases shown in Table 1.11, products 
derived from ethyl group addition are not observed. The extent to which these 
transformations involve catalysis by a Zn-based complex and the Al reagent via a 
complex such as IX (Scheme 1.9), or the degree to which such processes are promoted by 
Al-based 1.72 (Scheme 1.12) is difficult to establish (due to rapid ligand exchange). 
However, the latter scenario is likely to be predominantly involved based on the Zn‒Al 
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exchange shown in Scheme 1.12. A final point regarding the EAA process in Table 1.11 
is that, as a comparison of the data in entries 1‒4 indicates, structurally modified NHC 
complex derived from I-16 delivers the product with higher enantioselectivities in certain 
cases.  
b d
b
c
o
o
o
o e
a b
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1.6 Application of NHC-Zn(II) Complex to Cu-Free Catalytic 
Enantioselective Alkylations of Aldehydes or Imines with 
Dialkylzinc Reagents 
1.6.1  NHC-Zn Catalyzed Additions of Et2Zn to Aldehydes 
Towards our efforts to develop Cu-free enantioselective C‒C bond formations 
catalyzed by bifunctional chiral bidentate NHC-metal complexes, we decided to establish 
whether NHC-Zn complexes can catalyze enantioselective alkylations to other important 
classes of electrophilic substrates such as aldehydes and imines.  
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First, in order to determine the validity of a Cu-free catalytic reaction of 
aldehydes with Et2Zn, essential control experiments were performed. Alkylation of 4-
chlorobenzaldehyde (1.76) with Et2Zn in the absence of an NHC ligand in toluene at 0 °C 
proceeds to 17% conversion to give 9 % alkylation product 1.77 along with 8% reduction 
product 1.78. When 5 mol % of NHC-Zn complex, generated in situ from reaction of 
imidazoliniuim salt I-3 and Et2Zn, is introduced, reaction of aldehyde 1.76 is promoted to 
afford 48% of the alkylation product 1.77, albeit with low enantioselectivity (54:46 er). 
As illustrated in Scheme 1.14, in order to improve the reactivity and selectivity, we 
examined various chiral imidazolinium salts. With 5 mol % of bidentate biphenol-bearing 
I-2, the alkylation of aldehyde 1.76 proceeds to 58% conversion to generate 33% of the 
desired secondary alcohol 1.77 with low enantioselectivity (55.5:45.5 er) along with 25% 
of the primary alcohol 1.78. When chiral salt I-16 is introduced, similar results are 
obtained as observed with the use of I-2 and I-3 (47% conv, 56.5:43.5 er). In contrast, 
with sterically less hindered phenyl-substituted imidazolinium salt I-18 (vs 2,4,6-
trimethylphenyl moiety on I-3 and I-16), alkylation of 1.76 with Et2Zn proceeds 
efficiently to 87% conversion to furnish 81% of the desired product 1.77 with 
significantly improved enantioselectivity (91:9 er vs 54:46 er with I-3, Scheme 1.14). 
When the reaction is performed at 22 °C, instead of at 0 °C, conversion is increased to 99% 
and the desired product 1.77 is obtained with the same level of enantioselectivity (91:9 er) 
and 93% yield; only 2% reduction product 1.78 is detected (by GLC analysis).  
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Amino alcohol-based imidazolinium salt I-12,46 a less sterically demanding ligand than 
N-diaryl-substituted carbenes bearing diphenyl backbones (such as I-2 and I-3 
represented in Scheme 1.14), was examined in the alkylation. Reaction of Et2Zn and 
aldehyde 1.76 in the presence of 5 mol % I-12 at 22 °C proceeds to complete conversion, 
affording 94% of the secondary alcohol 1.77 in 91.5:8.5 er; 6% of the reduction product 
1.78 is observed. At ‒15 °C, higher enantioselectivity is achieved at the cost of low 
conversion (34% conv, 94.5:5.5 er, Scheme 1.14). This is a promising result since this 
class of chiral bidentate NHCs (I-12) are readily prepared and easily modified due to 
availability of a variety of commercial amino acids, in comparison to ligand classes to 
which I-2 and I-3 belong. The findings mentioned above suggest that more sterically 
accessible NHC-Zn complexes catalyze the enantioselective reaction with greater 
efficiency and selectivity.  
                                                 
(46) Clavier, H.; Coutable, L.; Toupet, L.; Guillemin, J.-C.; Mauduit, M. J. Organomet. Chem. 2005, 690, 
5237‒5254. 
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1.6.2  NHC-Zn Catalyzed Addition of Me2Zn to Ketoimines 
In addition to Cu-free alkylations of aldehydes involving alkylzinc reagents, we 
studied NHC-Zn-catalyzed alkylation of -ketoimine esters to develop a method for the 
synthesis of N-substituted quaternary carbon stereogenic centers.47 As the data in entry 1 
of Table 1.12 illustrates, the uncatalyzed reaction of 1.79 with Me2Zn48 in toluene at 
22 °C for 24 h proceeds to 14% conversion. The NHC-Zn complex derived from 10 mol % 
of imidazolinium salt I-2 in the presence of 5 equiv Me2Zn can catalyze alkyl addition to 
                                                 
(47) For an example of Zr-catalyzed enantioselective alkylations of ketoimines with dialkylzinc reagents, 
see:  (a) Fu, P.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 5530‒5541. For a recent 
review on catalytic enantioselective additions to ketoimines, see: (b) Riant, O.; Hannedouche, J. Org. 
Biomol. Chem. 2007, 5, 873‒888.     
(48) Reaction with Et2Zn under the same condition presented in entry 1 of Table 1.12 proceeds to >98% 
conversion, giving rise to three kinds of products (8% of desired ethyl addition, 36% of N-ethylation 
product, 56% of reduction product).  
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ketoimines 1.79, affording 1.80 with 70% conversion, but with low enantioselectivity 
(52.5:47.5 er, entry 2). With 10 mol % sulfonate-containing I-3, the desired product 1.80 
is obtained with improved enantioselectivity (74.5:25.5 er, entry 3), although, after 70 h, 
reaction proceeds to 61% conversion. Further ligand screening of modified bidentate 
sulfonates I-15‒I-18 was performed in order to improve selectivity and reactivity, 
however, these efforts proved unsuccessful (entry 5‒8). We suspect that the low and 
moderate enantioselectivities observed are partly due to competitive uncatalyzed 
alkylzinc addition. This pathway may be facilitated by the coordination of a Lewis acidic 
Zn salt between the oxygen of the o-methoxyphenyl group and the nitrogen of 1.79, 
causing ketoimine ester 1.79 to become more electrophilic.47a 
b c
a
a b
c  
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Thus, we expected that removal of the ortho-chelating group of o-anisidine on 1.79 could 
potentially reduce background reaction; however, it appears that the o-methoxyphenyl 
unit of the ketoimine is essential for efficient alkylzinc addition (7% conv to 1.81 and <5% 
conv to 1.82, Scheme 1.15). All efforts were unable to identify conditions that deliver 
higher selectivity and reactivity than resulting from reaction of 1.79 in the presence of I-3 
(44% yield, 74.5:25.5 er, Scheme 1.15). Preliminary results regarding alkyl additions to 
ketoimines promoted by NHC complexes show us the importance of the development of 
new chiral complexes that readily and stereoselectively promote challenging C‒C bond 
forming processes, including, but not limited to, addition to ketoimines. 
t
 
 
1.7  Conclusions 
We have investigated a series of catalytic enantioselective allylic alkylations, 
including those that afford all-carbon quaternary stereogenic centers. Reactions are 
catalyzed by chiral bidentate NHC-metal complexes (metal = Mg, Zn, Al) in the absence 
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of a Cu salt. Cu-free EAAs of a variety of trisubstituted allylic chlorides bearing an ester 
group with alkyl Grignard reagents in the presence of chiral bidentate biphenol-based 
NHC, generated in situ from deprotonation of I-2, afford the desired SN2’ products with 
high regio- and enantioselectivity. Dialkylzinc and trialkylaluminum reagents have been 
utilized in catalytic EAA, allowing for further expanded substrate scopes that include an 
ester-, aliphatic-, aryl-, and Si-substituted allylic phosphates. For the corresponding 
transformation involving dialkylzinc and trialkylaluminum reagents, chiral bidenate 
sulfonate-bearing NHC complex derived from I-3 is effective to generate the SN2 
products containing tertiary as well as quaternary stereogenic centers with 76:24‒97.5:2.5 
er and >98% SN2’.  
Synthesis, isolation, and characterization of the NHC-Zn complex 1.70 revealed 
several important structural attributes of this emerging class of chiral Lewis basic ligands. 
The X-ray structure of stereogenic-at-Zn carbene 1.70 indicates that, unlike previously 
reported bidentate complexes containing a phenoxy ligation site, the sulfonate unit 
coordinates to the transition metal such that it is oriented syn to the proximal phenyl 
group of the N-heterocycle backbone. Studies regarding a derived Al-based chiral 
bidentate NHC complex 1.72 illustrate structural features similar to the Zn-based system. 
The aforementioned stereochemical feature (sulfonate syn to the NHC phenyl group) is a 
unique attribute of the sulfonate-bearing class of chiral bidentate NHCs and will allow for 
a better appreciation of the reactivity modes and the selectivity levels observed in the 
reactions promoted by this emerging class of metal complexes. Within this context, we 
propose that a significant difference that accounts for the substantially higher degree of 
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reactivity, regio- and enantioselectivity exhibited by bidentate chiral NHC complexes 
might be due to the ability of such complexes to serve as bifunctional catalysts (Figure 
1.7).  
Lewis acidic site:
substrate coordination;
enhanced electrophilicity
Lewis basic site:
alkylmetal coordination;
enhanced nucleophilicity
Lewis acidic site:
 
Accordingly, the Lewis basic oxygen atoms associated with the second ligation site can 
deliver the Lewis acidic alkylmetal reagents to the bound substrate molecule, activated by 
coordination to the Lewis acidic Mg, Zn, or Al center. Association of the strongly Lewis 
basic NHC enhances electron density at the heteroatomic sites, elevating their ability to 
associate with Lewis acidic alkylmagnesium chloride, dialkylzinc or trialkylaluminum 
reagents. 
The mechanistic proposals put forth herein account for the significant variations 
in the ability of bidentate chiral NHC complexes to promote different classes of allylic 
alkylations. The relative positioning of the Lewis basic heteroatom unit vis-á-vis the 
Lewis acidic metal is likely a critical determinant as to whether the alkylating agents can 
be effectively delivered to a particular set of electrophilic substrates upon binding to the 
chiral complex. Through such arguments, we provide a rationale regarding the 
effectiveness of two distinct classes of NHC-based chiral catalysts in promoting Cu-free 
EAA reactions with alkylmagnesium halides and dialkylzinc or trialkylaluminum 
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reagents. Structural information, therefore, has led to elucidation of a plausible 
mechanism through which NHCs might activate alkylmetals and promote 
enantioselective C‒C bond forming reactions. It should be noted that the catalytic 
pathways proposed herein are entirely different from those likely involved for the 
corresponding Cu-catalyzed processes, where it is likely that the NHC-bound copper-
alkyl complex serves as the alkylating agent (vs the alkylzinc or alkylaluminum reagent, 
as described above). Nonetheless, the observations detailed in this chapter have 
significant implications regarding the mechanism of NHC-Cu-catalyzed allylic 
alkylations as well as the related conjugate addition processes.  
In addition to allylic substitutions, we demonstrated the ability of chiral NHC-Zn 
complexes to promote alkylations of aldehydes and ketoimines with dialkylzinc reagents. 
Although the initial results are promising, it is necessary to develop more efficient NHC 
ligands to enhance activity and selectivity for those transformations. 
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1.8  Experimentals 
Genenral. Infrared (IR) spectra were recorded on a Nicolet 210 spectrophotometer, max 
in cm-1. Bands are characterized as broad (br), strong (s), medium (m), and weak (w).  1H 
NMR spectra were recorded on a Varian Unity INOVA 400 (400 MHz) spectrometer.  
Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as 
the internal standard (CDCl3:  7.26 ppm, THF-d8:  3.58 ppm). Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, br = broad, m = multiplet), and coupling constants (Hz). 13C NMR spectra were 
recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer with complete proton 
decoupling.  Chemical shifts are reported in ppm from tetramethylsilane with the solvent 
resonance as the internal standard (CDCl3:  77.16 ppm, THF-d8:  67.50 ppm). High-
resolution mass spectrometry was performed on a Micromass LCT ESI-MS (positive 
mode) at the Mass Spectrometry Facility, Boston College. Enantiomer ratios were 
determined by GLC analysis (Alltech Associated Chiral dex GTA column (30 m x 0.25 
mm) and Betadex 120 column (30 m x 0.25 mm)) and HPLC (high-performance liquid 
chromatography) analysis with a Shimadzu chromatograph (Chiral Technologies 
Chiralcel OD (4.6 x 250 mm)) in comparison with authentic racemic materials. Optical 
rotations were measured on a Rudolph Research Analytical Autopol IV Polarimeter. 
  Unless otherwise noted, all reactions were carried out with distilled and degassed 
solvents under an atmosphere of dry N2 in oven- (135 oC) and flame-dried glassware with 
standard dry box or vacuum-line techniques. All work-up and purification procedures 
were carried out with reagent grade solvents (purchased from Doe & Ingalls) in air. All 
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substrates possess (E)-olefin geometry; purity established by 1H NMR analysis (400 
MHz).49, 50 All Grignard reagents were prepared in THF by addition of the corresponding 
chlorides onto magnesium turnings, which was purchased from Strem Chemicals Inc. and 
used as received. Diisopropylmagnesium was prepared by a previously reported 
method.51 
 
1.8.1  Reagents and Ligands 
Acetyl chloride: purchased from Aldrich Chemical Co. and purified by distillation over 
PCl5 before use. 
1,2-Bis(diphenylphosphino)ethane: purchased from Strem Chemicals Inc. and 
recrystallized from EtOH. 
1-Chlorobutane: purchased from Aldrich Chemical Co. and purified by distillation over 
CaCl2 before use. 
2-Chloropropane: purchased from Aldrich Chemical Co. and purified by distillation 
over MgSO4 before use. 
Chlorocyclopentane: purchased from Aldrich Chemical Co. and purified by distillation 
over CaCl2 before use. 
Cyclohexyl chloride was purchased from Acros and purified by distillation over CaCl2 
before use. 
                                                 
(49) Luchaco-Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2001, 40, 
1456–1460. 
(50) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 
4554–4558.  
(51) Wakefield, B. J. Organomagnesium Methods in Organic Synthesis; Academic Press, 1995; pp 65-67. 
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Dibutylzinc solution 1.0 M in heptane: purchased from Aldrich Chemical Co. and used 
as received. 
Diethylzinc: purchased from Aldrich Chemical Co. and used as received.  
Diisopropyl zinc solution 1.0 M in toluene: purchased from Aldrich Chemical Co. and 
used as received. 
Dimethylzinc: purchased from Strem Chemicals Inc. and used as received. 
Imidazolinium salt I-1: prepared by a previously reported method. 52 
Imidazolinium salts I-2, I-5, I-6, I-7, I-8 and I-9: prepared by a previously reported 
method. 53  
Imidazolinium salt I-4: prepared by a previously reported method.54 
Imidazolinium salts I-10 and I-11: prepared by a previously reported method.53,55 
Imidazolinium salt I-12: prepared by a previously reported method.56  
Imidazolinium salts I-13 and I-14: prepared by a previously reported method.55 
Imidazolinium salts I-3, I-15, I-16, I-17, and I-18: prepared by previously reported 
methods.57  
NHC-Ag 2: prepared by a previously reported method.53 
                                                 
(52) Larsen, A. O.; Leu, W.; Nieto-Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 
126, 11130-11131. 
(53) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877-6882. 
(54) Arduengo III, A. J.; Krafczyk, R.; Schmutzler, R.; Craig, H. A.; Goerlich, J. R.; Marshall, W. J.; 
Unverzagt, M.; Tetrahedron 1999, 55, 14523-14534.   
(55) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462. 
(56) Clavier, H.; Coutable, L.; Toupet, L.; Guillemin, J-C.; Mauduit, M. J. Organomet. Chem. 2005, 690, 
523–5254. 
(57) (a) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097–
1100. (b) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 735–7362. (c) Lee, 
Y.; Akiyama, K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 446–447. 
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Tetrahydrofuran: distilled under N2 from sodium benzophenone ketyl. 
Trifluoroacetic acid: purchased from Acros Organics and used as received. 
Trimethylaluminum: purchased from Aldrich Chemical Co. and used as received. 
Triphenylphosphine: purchased from Aldrich Chemical Co. and recrystallized from 
hexanes. 
Triphenylphosphine oxide: purchased from Aldrich Chemical Co. and recrystallized 
from EtOH.  
 
Imidazolinium salt I-6. IR (neat): 3032 (br w), 2958 (w), 2925 (w), 269 (w), 1612 (s), 
1594 (m), 1570 (m), 1451 (m), 1439 (m), 1263 (m), 1210 (m), 750 (s), 731 (s), 697 (s) 
cm-1; 1H NMR (CDCl3, 400 MHz):  10.9 (1H, s), 8.23 (1H, s), 7.84 (1H, d, J = 7.2 Hz), 
7.47-7.45 (1H, m), 7.25-7.12 (11H, m), 6.95-6.86 (8H, m), 5.38 (1H, d, J = 10.0 Hz), 
4.95 (1H, d, J = 10.0 Hz), 2.8-2.86 (1H, br m), 2.30 (3H, s), 1.04 (3H, d, J = 8.4 Hz), 1.02 
(3H, d, J = 6.8 Hz); 13C NMR (CDCl3, 100 MHz):  157.0, 155.0, 148.6, 135.7, 134.3, 
133.4, 132.8, 132.4, 131.9, 131.5, 131.1, 130.4, 130.1, 129.8, 129.4, 129.3, 128.8, 128.6, 
128.4, 128.2, 127.3, 126.3, 124.8, 119.8, 117.9, 76.4, 74.1, 33.0, 24.2, 23.2, 18.3; LRMS 
(ES+): Calcd for C37H35N2O [M‒BF4]: 523.2749, Found: 523.2742. Optical Rotation: 
[]D20  –314.0  (c 2.16, CHCl3). 
Imidazolinium salt I-7. IR (neat): 3406 (br w), 2965 (w), 2871 (w), 1617 (s), 1595 (m), 
1453 (m), 1265 (m), 1216 (m), 1056 (m), 1000 (m), 941 (m), 881 (m), 757 (m), 732 (s), 
698 (s) cm-1; 1H NMR (CDCl3, 400 MHz):  8.64 (1H, s), 7.52 (1H, s), 7.39-6.97 (17H, 
m), 6,78 (1H, s), 6.61 (2H, d, J = 7.2 Hz), 5.37 (1H, d, J = 8.4 Hz), 5.14 (1H, d, J = 8.4 
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Hz), 3.14 (1H, br s), 2.81 (1H, m), 2.52 (1H, br s), 1.46 (3H, br s), 1.39 (3H, d, J = 6.8 
Hz), 1.18 (3H, d, J = 2.4 Hz), 1.16 (3H, d, J = 2.8 Hz), 1.15-1.07 (3H, m), 0.29 (3H, d, J 
= 6.4 Hz); 13C NMR (CDCl3, 100 MHz):  157.3, 154.1, 151.9, 147.9, 145.2, 134.5, 
132.5, 131.5, 130.8, 130.3, 130.3, 129.8, 129.4, 129.2, 128.9, 127.5, 125.4, 123.1, 122.7, 
121.3, 118.1, 77.9, 72.3, 34.2, 29.5, 28.8, 26.1, 25.3, 24.2, 23.8, 23.7, 22.4; LRMS (ES+): 
Calcd for C42H45N2O [M‒BF4]: 593.3532, Found: 593.3551. Optical Rotation: []D20 –
174.2  (c 2.23, CHCl3). 
Imidazolinium salt I-10. mp: 148-150 oC; IR (neat): 3049 (w), 2936 (w), 2854 (w), 1633 
(s), 1482 (m), 1457 (m), 1274 (m), 1211 (m), 1060 (m), 909 (w), 859 (w), 758 (m), 733 
(s), 708 (s) cm-1; 1H NMR (CDCl3, 400 MHz):  9.56 (1H, s, NCHN), 8.00 (1H, dd, J = 
7.6 Hz, 1.6 Hz, ArH), 7.67-7.11 (16H, m, ArH), 6.89 (1H, s, ArH), 6.66 (1H, s, ArH), 
6.57 (2H, d, J = 7.6 Hz, ArH), 5.40 (1H, d, J = 9.6 Hz, NCHCHN), 5.21 (1H, d, J = 9.6 
Hz, NCHCHN), 2.57 (3H, s, CH3), 2.17 (3H, s, CH3), 1.85 (3H, s, CH3); 13C NMR 
(CDCl3, 100 MHz):  158.4, 140.2, 139.0, 138.0, 135.5, 135.1, 135.0, 132.3, 131.8, 131.2, 
130.7, 130.4, 130.2, 130.1, 130.1, 130.0, 129.9, 129.8, 129.8, 129.5, 129.1, 128.9, 128.8, 
128.7, 128.0, 75.1, 72.7, 21.1, 19.3, 18.4; HRMS (ES+): Calcd for C36H33N2: 493.2644, 
Found: 493.2645. 
Imidazolinium salt I-11. mp: 157-159 oC; IR (neat): 3055 (w), 2945 (w), 2848 (w), 1620 
(s), 1595 (m), 1488 (w), 1463 (m), 1274 (m), 1249 (m), 1218 (m), 1060 (m), 859 (w), 771 
(m), 733 (m), 702 (m) cm-1; NMR spectrum exists as a mixture of 2:1 atropisomers. 1H 
NMR (CDCl3, 400 MHz):  9.46 (0.5H, s, NCHN), 9.24 (1H, s, NCHN ), 8.25 (1H, d, J 
= 8.4 Hz, ArH), 7.91-7.88 (0.5H, m, ArH), 7.68-7.61 (1.5H, m, ArH),  7.44-7.12 (21H, m, 
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ArH), 6.92 (1H, s, ArH), 6.87 (0.5H, s, ArH), 6.62 (1.5H, s, ArH), 6.58 (1H, d, J = 8.0 
Hz, ArH), 6.52 (2H, d, J = 8.0 Hz, ArH), 5.32 (0.5H, d, J = 9.2 Hz, NCHCHN), 5.37 
(0.5H, d, J = 9.2 Hz, NCHCHN), 5.33 (2H, s, NCHCHN), 3.79 (1.5H, s, OCH3), 3.76 
(3H, s, OCH3), 2.65 (3H, s, CH3), 2.52 (1.5H, s, CH3), 2.18 (3H, s, CH3), 2.16 (1.5H, s, 
CH3), 1.72 (1.5H, s, CH3), 1.70 (3H, s, CH3); 13C NMR (CDCl3, 100 MHz):  158.3, 
157.1, 156.9, 140.1, 135.7, 135.7, 135.5, 135.4, 135.2, 135.1, 135.0, 134.3, 133.4, 133.0, 
132.8, 132.8, 132.4, 132.3, 132.0, 131.4, 131.0, 130.9, 130.7, 130.6, 130.5, 130.3, 130.2, 
130.1, 130.0, 130.0, 129.9, 129.8, 129.7, 129.6, 129.5, 129.1, 129.0, 128.8, 128.7, 128.2, 
127.9, 127.2, 122.4, 121.9, 113.3, 112.0, 77.4, 75.1, 75.0, 73.4, 72.4, 57.2, 55.8, 21.1, 
21.1, 19.4, 19.3, 18.4, 17.8; HRMS (ES+): Calcd for C37H35N2O: 523.2749, Found: 
523.2762. 
 Experimental procedure for the preparation of imidazolinium salt I-14:  
 
Imidazolinium salt A (100 mg, 0.177 mmol), trifluoroacetic acid (0.5 mL), and CH2Cl2 
(1.5 mL) were added into an 100 mL round bottom flask. The solution was allowed to stir 
for 12 h. After this time, the reaction was quenched through the addition of a saturated 
aqueous solution of NaHCO3 at 0 oC until pH is 8-9. The mixture was acidified with an 
aqueous solution of 6 N HCl until pH<4 and washed with CH2Cl2 (3x5 mL). The 
combined organic layers were dried over MgSO4, filtered and concentrated to yield 85.0 
mg (0.171 mmol, 96% yield) of I-14 as a white solid.  
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Imidazolinium salt A. mp: 115‒117 °C (decomp); IR (neat): 3066 (w), 2979 (w), 2930 
(w), 1700 (m), 1619 (s), 1597 (m), 1578 (m), 1484 (w), 1456 (w), 1394 (m), 1369 (m), 
1303 (m), 1142 (m), 1052 (s), 1032 (s), 756 (s), 730 (s), 698 (s) cm–1; 1H NMR (400 
MHz, CDCl3): δ 8.22 (1H, s), 7.87 (1H, dd, J = 8.0, 1.6 Hz), 7.67 (1H, d, J = 8.0 Hz), 
7.49-7.41 (3H, m), 7.38-7.36 (2H, m), 7.31-7.22 (7H, m), 6.83 (1H, s), 6.61 (1H, s), 6.12 
(1H, d, J = 11.2 Hz), 5.58 (1H, d, J = 11.2 Hz), 2.58 (3H, s), 2.10 (3H, s), 1.97 (3H, s), 
1.59 (9H, s); 13C NMR (100 MHz, CDCl3): δ 164.8, 158.3, 140.2, 136.3, 135.3, 134.5, 
134.3, 134.3, 132.0, 131.9, 130.9, 130.5, 130.4, 130.2, 130.0, 129.7, 129.7, 129.2, 128.9, 
128.6, 127.3, 83.3, 76.0, 74.7, 28.3, 21.0, 18.7, 18.1; HRMS (ES+): Calcd for 
C35H37N2O2: 517.2855, Found: 517.2849. Optical Rotation: []D20 –238.9 (c 1.00, 
CHCl3). 
Imidazolinium salt I-14. mp: 103-105 oC (decomp); (IR (neat): 3035 (w), 1703 (m), 
1685 (m), 1618 (s), 1596 (s), 1485 (w),  1455 (w), 1263 (m), 1220 (m), 1180 (s)m 1128 
(s), 1093 (m), 731 (s), 716 (s), 698 (s) cm–1; 1H NMR (400 MHz, THF-d8): δ 8.91 (1H, s), 
7.93 (1H, dd, J = 7.6, 2.0 Hz), 7.69-7.63 (4H, m), 7.37-7.24 (9H, m), 6.93 (1H, s), 6.74 
(1H, s), 6.40 (1H, d, J = 10.8 Hz), 5.65 (1H, d, J = 11.2 Hz), 2.64 (3H, s), 2.18 (3H, s), 
2.05 (3H, s); 13C NMR (100 MHz, THF-d8): δ 167.9, 160.8, 140.4, 138.5, 137.0, 137.8, 
134.4, 132.7, 132.5, 131.2, 131.0, 130.7, 130.6, 130.4, 130.2, 129.8, 129.7, 129.2, 127.8, 
77.0, 75.3, 21.0, 19.1, 18.9; HRMS (ES+): Calcd for C31H29N2O2 [M+H]: 461.2229, 
Found: 461.2220. Optical Rotation: []D20 –210.5 (c  1.00, CHCl3). 
Imidazolinium salt I-18. IR (neat): 3057 (w), 1618 (s), 1583 (s), 1497 (w), 1480 (w), 
1457 (w), 1433 (w), 1273 (m), 1226 (s), 1198 (s), 1090 (m), 1056 (m), 1020 (m), 753 (s), 
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731 (s), 720 (s), 696 (s) cm-1; 1H NMR (CDCl3, 400 MHz): 9.46 (1H, s), 8.11 (1H, d, J 
= 8.0 Hz), 7.62 (2H, dd, J = 8.0, 2.0 Hz), 7.46-7.44 (7H, m), 7.33-7.21 (7H, m), 7.03 (1H, 
td, J = 8.0, 1.6 Hz), 6.61 (1H, d, J = 8.0), 6.02 (1H, d, J = 10.8 Hz), 5.84 (1H, d, J = 10.4 
Hz); 13C NMR (CDCl3, 100 MHz):  158.2, 143.5, 135.0, 134.9, 133.9, 131.0, 130.5, 
130.1, 130.1, 130.0, 130.0, 129.9, 129.9, 129.7, 129.1, 128.9, 128.4, 127.5, 121.7, 77.8, 
74.6; HRMS (ESI+): Calcd for C27H23N2O3S1 [M+H]: 455.14275, Found: 455.14263. 
Optical Rotation: []D20 –209  (c 0.500, CHCl3). 
 
 Preparation and characterization of substrates: 
(E)-tert-Butyl 4-chloro-2-methylbut-2-enoate (1.11a): All substrates were synthesized 
according to published procedures.58 
 Representative experimental procedures for the preparation of methyl ester 
substrates 1.11b: 
 
(E)-4-Chloro-2-methylbut-2-enoic acid (A). Trifluoroacetic acid (2 mL) was added to 
1.11a (600 mg, 3.14 mmol) dissolved in CH2Cl2 (5 mL) at 22 oC. The mixture was 
allowed to stir for 5 h, at which time the reaction was quenched by addition of a saturated 
aqueous solution of NaHCO3 at 0 oC until pH > 8. The mixture was acidified with an 
aqueous solution of 6M HCl until pH < 4 and washed with CH2Cl2 (3 x 10 mL). The 
                                                 
(58) Stotter, P. L.; Hill, K. A. Tetrahedron Lett. 1975, 21, 1679‒1682. 
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combined organic layers were dried over MgSO4, filtered and concentrated to yield 405 
mg (3.00 mmol, 95% yield) of B as a white solid, which was used directly in the 
subsequent reaction. 
(E)-Methyl 4-chloro-2-methylbut-2-enoate (1.11b). Acetyl chloride (1.5 mL) was 
dissolved in 15 mL of MeOH at 0 oC and the solution was allowed to stir at 0 oC. After 1 
h, B (500 mg, 3.71 mmol) was added to the mixture. The mixture was then allowed to 
warm to 22 oC and stir for 12 h.  At this time, the mixture was quenched by addition of a 
saturated aqueous solution of NaHCO3 (10 mL) at 0 oC and washed with Et2O (3x10 mL).  
The organic layers were dried over MgSO4 and filtered. The filtrate was concentrated in 
vacuo to afford a colorless oil, which was purified by silica gel column chromatography 
(1:30 Et2O:petroleum ether) to yield 494 mg (3.32 mmol, 90% yield) of 1.11b as a clear 
oil. IR (neat): 2999 (m), 2955 (m), 2848 (w), 1715 (s), 1652 (m), 1438 (s), 1388 (w), 
1356 (m), 1287 (s), 1199 (s), 1174 (s), 1123 (s), 1086 (m), 1010 (w), 947 (w), 758 (s) cm-
1; 1H NMR (CDCl3, 400 MHz):  6.81 (1H, t, J = 8.0 Hz, C=CH), 4.14 (2H, d, J = 8.0 Hz, 
CH2Cl), 3.74 (3H, s, OCH3), 1.90 (3H, s, CH3); 13C NMR (CDCl3, 100 MHz):  167.8, 
135.4, 131.8, 52.3, 39.3, 12.6; HRMS (EI+): Calcd for C6H9O2Cl: 148.0291, Found: 
148.0286. Elemental Analysis: Anal Calcd for C6H9O2Cl: C, 48.50; H, 6.11; Found C, 
48.45; H, 5.98.  
 (E)-Methyl 4-chloro-2-ethylbut-2-enoate. IR (neat): 2974 (m), 2955 (m), 2886 (w), 
1715 (s), 1652 (m), 1463 (m), 1438 (s), 1381 (w), 1300 (s), 1243 (s), 1205 (s), 1174 (s), 
1136 (s), 1098 (m), 1067 (m), 1035 (m), 997 (m), 916 (m), 771 (s) cm-1; 1H NMR 
(CDCl3, 400 MHz):  6.77 (1H, t, J = 8.0 Hz, C=CH), 4.14 (2H, d, J = 8.0 Hz, CH2Cl), 
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3.74 (3H, s, OCH3), 2.35 (2H, q, J = 7.6 Hz, CH2CH3), 1.02 (3H, t, J = 7.6 Hz, CH2CH3); 
13C NMR (CDCl3, 100 MHz):  167.5, 137.8, 135.0, 52.2, 39.1, 20.3, 14.1; HRMS (EI+): 
Calcd for C7H11O2Cl: 162.0448, Found: 162.0448. Elemental Analysis: Anal Calcd for 
C7H11O2Cl: C, 51.70; H, 6.82; Found C, 52.04; H, 6.77.  
(E)-Methyl 2-(2-chloroethylidene)hexanoate (1.11c). IR (neat): 2961 (m), 2930 (m), 
2873 (w), 1721 (s), 1658 (w), 1438 (m), 1274 (s), 1211 (s), 1167 (m), 1135 (m), 1104 (m), 
1048 (m), 928 (w), 777 (m) cm-1; 1H NMR (CDCl3, 400 MHz):  6.77 (1H, t, J = 8.4 Hz, 
C=CH), 4.14 (2H, d, J = 8.4 Hz, CH2Cl), 3.74 (3H, s, OCH3), 2.33 (2H, t, J = 7.4 Hz, 
CH2CH2CH2CH3), 1.40-1.28 (4H, m, CH2CH2CH2CH3), 0.89 (3H, t, J = 7.2 Hz, 
CH2CH2CH2CH3); 13C NMR (CDCl3, 100 MHz):  167.7, 136.3, 135.3, 52.2, 39.3, 31.7, 
26.8, 22.8, 14.0; HRMS (EI+): Calcd for C9H15O2Cl: 190.0761, Found: 190.0764. 
Elemental Analysis: Anal Calcd for C9H15O2Cl: C, 56.69; H, 7.93; Found C, 56.98; H, 
8.00.  
 
1.8.2  Experimental Procedure and Characterization Data for Cu-Free EAA 
Reactions with Grignard Reagents 
 Representative experimental procedures for enantioselective allylic alkylation of 
trisubstituted allylic chloride 1.11a with i-PrMgCl: An oven-dried 13 x 100 mm test 
tube was charged with a chiral imidazolinium salt I-2 (8.6 mg, 1.5 x 10-2 mmol), weighed 
out on the benchtop. THF (1.0 mL) and i-PrMgCl (1.47 M in THF, 0.42 mL, 0.62 mmol) 
were added and the mixture was allowed to cool to ‒78 oC (dry ice/acetone bath) and stir 
for 30 minutes. (E)-tert-Butyl 4-chloro-2-methylbut-2-enoate (1.11a) (60 mg, 0.31 mmol) 
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in THF (0.20 mL) was added dropwise to the mixture through a syringe. The mixture was 
left at ‒78 °C (cryocool) for 24 hours. The reaction was quenched by the addition of a 
saturated aqueous solution of NH4Cl (3 mL). After allowing the mixture to warm to 22 oC, 
it was washed with Et2O (3 x 2 mL) and passed through a short plug (4 cm x 1 cm) of 
MgSO4 eluted with Et2O.  The volatiles were removed in vacuo to yield a colorless oil, 
which was purified by silica gel column chromatography (1:50 Et2O:pentane) to afford 
the pure SN2' product (1.12a) (28 mg, 0.14 mmol) in 45 % yield as a clear oil.  
(S)-tert-Butyl 2-isopropyl-2-methylbut-3-enoate (1.12a).  IR (neat): 2972 (s), 2930 (m), 
2874 (m), 1727 (s), 1643 (w), 1468 (m), 1370 (s), 1258 (s), 1139 (s), 1000 (w), 916 (m), 
853 (m) cm-1; 1H NMR (CDCl3, 400 MHz):  5.95 (1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 
5.09 (1H, dd, J = 10.8 1.2 Hz, CH=CHH), 5.03 (1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 
2.12-2.05 (1H, m, CH(CH3)2), 1.41 (9H, s, C(CH3)3), 1.08 (3H, s, CH3),  0.83 (3H, d, J = 
6.4 Hz, CH(CH3)2), 0.79 (3H, d, J = 7.2 Hz, CH(CH3)2) ; 13C NMR (CDCl3, 100 MHz):  
175.3, 141.8, 114.1, 80.3, 53.1, 34.7, 28.1, 17.8, 17.4, 14.3; HRMS (CI+):  Calcd for 
C12H23O2 [M+H]: 199.1698, Found: 199.1700. Optical Rotation: []D20 –23.2 (c 1.00, 
CHCl3) for an enantiomerically enriched sample of 98:2 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (96.5:3.5 er shown; chiral dex GTA column, 10 psi, 40 oC). 
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tert-Butyl 2-isopropyl-1-methylcyclopropanecarboxylate (1.14a). IR (neat): 2961 (s), 
2936 (m), 2879 (w), 1721 (s), 1469 (m), 1394 (w), 1369 (m), 1325 (m), 1268 (m), 1249 
(m), 1155 (s), 853 (w) cm-1; 1H NMR (CDCl3, 400 MHz):  1.41 (9H, s, C(CH3)3), 1.23 
(3H, s, CH3),  1.22-1.07 (3H, m, CCHH, CCH, and CH(CH3)2), 1.02 (3H, d, J = 6.4 Hz, 
CH(CH3)2), 0.96 (3H, d, J = 6.4 Hz, CH(CH3)2), 0.28 (1H, dd, J = 6.4, 6.0 Hz, CHH); 
13C NMR (CDCl3, 100 MHz):  175.9, 79.8, 35.1, 29.3, 28.2, 24.0, 22.9, 22.8, 21.7, 14.3; 
HRMS (EI+):  Calcd for C12H22O2 : 198.1620, Found: 198.1618. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (50:50 er shown; chiral dex GTA column, 10 psi, 40 oC). 
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tert-Butyl 2-methylbut-3-enoate (1.15a).59 IR (neat): 2974 (m), 2921 (s), 2855 (m), 
1742 (s), 1462 (w), 1373 (w), 1260 (w), 1147 (s) cm-1; 1H NMR (CDCl3, 400 MHz):  
5.90 (1H, ddd, J = 7.6, 7.6, 10.0 Hz, CH=CH2), 5.10 (2H, m, CH=CH2), 3.03 (1H, dq, J 
= 7.2, 7.2 Hz, CHCH=CH2), 1.44 (9H, s, C(CH3)3), 1.22 (3H, d, J = 7.2 Hz, CH3CH); 13C 
NMR (CDCl3, 100 MHz):  174.0, 137.9, 115.5, 80.5, 44.8, 28.2, 16.6. Elemental 
Analysis: Anal Calcd for C9H16O2: C, 69.19; H, 10.32; Found C, 69.27; H, 10.20.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (50:50 er shown; chiral dex GTA column, 10 psi, 40 oC). 
 
(R)-tert-Butyl 2-cyclopentyl-2-methylbut-3-enoate (1.19). IR (neat): 2955 (s), 2873 (s), 
1727 (s), 1639 (w), 1451 (m), 1375 (s), 1255 (s), 1142 (s), 1111 (s), 909 (m) cm-1; 1H 
NMR (CDCl3, 400 MHz):  6.03 (1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.09-5.01 (2H, m, 
CH=CH2), 2.27 (1H, tt, J = 8.0 Hz, CH), 1.61-1.46 (6H, m, cyclopentyl), 1.45 (9H, s, 
C(CH3)3), 1.30-1.23 (2H, m, cyclopentyl), 1.17 (3H, s, CH3); 13C NMR (CDCl3, 100 
MHz):  175.3, 141.3, 113.6, 80.3, 51.5, 47.1, 28.1, 27.6, 27.4, 26.0, 25.9, 17.3; HRMS 
                                                 
(59) Murphy, K. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2003, 125, 4690‒4691. 
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(EI+): Calcd for C14H24O2: 224.1776, Found: 224.1777. Optical Rotation: []D20 –10.7 (c 
0.260, CHCl3) for an enantiomerically enriched sample of 85:15 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (88:12 er shown; β-dex column, 10 psi, 70 oC). 
 
(R)-tert-Butyl 2-cyclohexyl-2-methylbut-3-enoate (1.20). IR (neat): 2980 (m), 2930 (s), 
2854 (m), 1727 (s), 1457 (w), 1249 (m), 1161 (m), 1130 (m) cm-1; 1H NMR (CDCl3, 400 
MHz):  5.94 (1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.07 (1H, dd, J = 10.4, 1.2 Hz, 
CH=CHH), 5.00 (1H, dd, J = 17.6, 1,2 Hz, CH=CHH), 1.75-1.46 (7H, m, cyclohexyl), 
1.41 (9H, s, C(CH3)3), 1.23-0.87 (4H, m, cyclohexyl), 1.10 (3H, s, CH3); 13C NMR 
(CDCl3, 100 MHz):  175.2, 142.0, 113.9, 80.3, 53.0, 45.4, 28.2, 28.2, 27.6, 27.1, 27.0, 
26.7, 15.1; HRMS (EI+): Calcd for C15H26O2: 238.1933, Found: 238.1929. Optical 
Rotation: []D20 –29.5 (c 0.350, CHCl3) for an enantiomerically enriched sample of 96:4 
er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (86.5:13.5 er shown; β-dex column, 10 psi, 100 oC). 
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(S)-Methyl 2-methyl-2-vinylhexanoate (1.24).  IR (neat): 2955 (s), 2886 (s), 2860 (m), 
1740 (s), 1639 (w), 1469 (m), 1438 (m), 1262 (m), 1230 (m), 1211 (m), 1148 (m), 1092 
(w), 991 (w), 916 (m) cm-1; 1H NMR (CDCl3, 400 MHz):  5.99 (1H, dd, J = 17.6, 10.8 
Hz, CH=CH2), 5.11 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.03 (1H, dd, J = 17.6, 1.2 Hz, 
CH=CHH), 3.65 (3H, s, OCH3), 1.72-1.12 (9H, m, CH3 and CH2CH2CH2), 0.86 (3H, t, J 
= 7.2 Hz, CH2CH3); 13C NMR (CDCl3, 100 MHz):  176.6, 142.0, 113.5, 52.0, 48.8, 39.1, 
26.9, 23.2, 20.6, 14.1; HRMS (EI+): Calcd for C10H18O2: 170.1307, Found: 170.1309. 
Elemental Analysis: Anal Calcd for C10H18O2: C, 70.55; H, 10.66; Found C, 70.53; H, 
10.95. Optical Rotation: []D20 –7.67 (c 1.00, CHCl3) for an enantiomerically enriched 
sample of 79:21 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (81.5:18.5 er shown; chiral dex GTA column, 10 psi, 35 oC). 
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(S)-Methyl 2-isopropyl-2-methylbut-3-enoate (1.26).60 IR (neat): 2955 (s), 2931 (s), 
2879 (m), 1733 (s), 1657 (w), 1633 (w), 1458 (w), 1434 (m), 1406 (w), 1373 (w), 1259 
(m), 1150 (m), 1112 (m), 1017 (w), 927 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.00 
(1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.15 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.08 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.68 (3H, s, OCH3), 2.14 (1H, dd, J = 6.8, 6.8 Hz, 
CH(CH3)2), 1.17, (3H, s, CH3), 0.83 (3H, d, J = 6.8 Hz, CH(CH3)2), 0.82 (3H, d, J = 6.8 
Hz, CH(CH3)2); 13C NMR (CDCl3, 100 MHz): δ 176.6, 141.1, 114.6, 52.7, 52.0, 34.9, 
17.9, 17.4, 14.5; HRMS (EI+): Calcd for C9H16O2: 156.1150, Found: 156.1150. Optical 
Rotation: []D20 –37.9 (c 1.10, CHCl3) for an enantiomerically enriched sample of 
97.5:2.5 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98.5:1.5 er shown; chiral dex GTA column, 10 psi, 35 oC). 
                                                 
(60) Murphy, K. E.; Hoveyda, A. H. Org. Lett. 2005, 7, 1255‒1258. 
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(R)-Methyl 2-cyclopentyl-2-methylbut-3-enoate (1.27).  IR (neat): 2955 (s), 2873 (m), 
1734 (s), 1639 (w), 1463 (m), 1432 (m), 1375 (w), 1249 (s), 1199 (m), 1136 (m), 1104 
(m), 1004 (w), 916 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.04 (1H, dd, J = 17.6, 10.8 
Hz, CH=CH2), 5.11 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.03 (1H, dd, J = 17.6, 1.2 Hz, 
CH=CHH), 3.65 (3H, s, OCH3), 2.30-2.25 (1H, m, CH), 1.59-1.22 (11H, m, CH3 and 
(CH2)4); 13C NMR (CDCl3, 100 MHz): δ 176.6, 140.6, 114.2, 52.0, 51.0, 47.3, 27.6, 27.4, 
25.8, 25.8, 17.5; HRMS (EI+): Calcd for C11H18O2: 182.1307, Found: 182.1308. Optical 
Rotation: []D20 –18.9 (c 1.00, CHCl3) for an enantiomerically enriched sample of 
86.5:13.5 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (87:13 er shown; chiral dex GTA column, 10 psi, 50 oC). 
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(R)-Methyl 2-cyclohexyl-2-methylbut-3-enoate (1.28). IR (neat): 2993 (m), 2955 (s), 
2854 (m), 1734 (s), 1633 (w), 1451 (m), 1438 (m), 1413 (w), 1375 (w), 1268 (m), 1230 
(s), 1199 (m), 1167 (m), 1123 (m), 1098 (m), 1035 (w), 997 (w), 909 (m) cm-1; 1H NMR 
(CDCl3, 400 MHz): δ 5.98 (1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.11 (1H, dd, J = 10.8, 
1.2 Hz, CH=CHH), 5.03 (1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.65 (3H, s, OCH3), 1.75-
0.88 (14H, m, CH3 and CH(CH2)5); 13C NMR (CDCl3, 100 MHz): δ 176.6, 141.3, 114.4, 
52.7, 52.0, 45.5, 28.3, 27.6, 26.9, 26.9, 26.6, 15.3; HRMS (EI+):  Calcd for C12H20O2: 
196.1463, Found: 196.1469. Optical Rotation: []D20 –24.4 (c 1.00, CHCl3) for an 
enantiomerically enriched sample of 97:3 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (97:3 er shown; chiral dex GTA column, 10 psi, 70 oC). 
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(S)-Methyl 2-ethyl-2-isopropylbut-3-enoate (1.32).  IR (neat): 3087 (w), 2974 (s), 2886 
(m), 2841 (w), 1734 (s), 1639 (w), 1469 (m), 1432 (m), 1369 (m), 1287 (m), 1230 (s), 
1130 (s), 1098 (m), 1004 (s), 909 (m), 809 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 5.99 
(1H, dd, J = 18.0, 11.2 Hz, CH=CH2), 5.27 (1H, dd, J = 11.2, 2.8 Hz, CH=CHH), 5.01 
(1H, dd, J = 18.0, 2.8  Hz, CH=CHH), 3.69 (3H, s, OCH3), 2.08-2.04 (1H, m, CH), 1.80-
1.66 (2H, m, CH2), 0.83-0.75 (9H, m, CH3 and (CH3)2CH); 13C NMR (CDCl3, 100 
MHz): δ 176.3, 135.5, 115.7, 57.2, 51.7, 35.3, 26.6, 19.0, 16.9, 9.7; HRMS (CI+): Calcd 
for C10H19O2 [M+H]: 171.1385, Found: 171.1383. Elemental Analysis: Anal Calcd for 
C10H18O2: C, 70.55; H, 10.66; Found C, 70.51; H, 10.56. Optical Rotation: []D20 +6.33 
(c 1.80, CHCl3) for an enantiomerically enriched sample of 98.5:1.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98.5:1.5 er shown; chiral dex GTA column, 10 psi, 40 oC). 
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(S)-Methyl 2-isopropyl-2-vinylhexanoate (1.33).  IR (neat): 3087 (w), 2961 (s), 2873 
(m), 1740 (s), 1646 (m), 1463 (m), 1438 (m), 1388 (w), 1255 (m), 1211 (s), 1136 (s), 
1016 (m), 922 (m), 752 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.00 (1H, dd, J = 18.0, 
11.2 Hz, CH=CH2), 5.25 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 5.00 (1H, dd, J = 18.0,1.2 
Hz, CH=CHH), 3.68 (3H, s, OCH3), 2.07-2.04 (1H, m, CH), 1.69-1.61 (2H, m, CH2), 
1.29-0.75 (13H, m, CH2CH2CH3 and CH(CH3)2); 13C NMR (CDCl3, 100 MHz): δ 176.4, 
135.9, 115.5, 56.5, 51.7, 35.5, 33.8, 27.3, 23.4, 19.0, 16.9, 14.1; HRMS (CI+):  Calcd for 
C12H23O2 [M+H]: 199.1698, Found: 199.1693. Elemental Analysis: Anal Calcd for 
C12H22O2: C, 72.68; H, 11.18; Found C, 72.90; H, 11.35. Optical Rotation: []D20 +2.17 
(c 1.40, CHCl3) for an enantiomerically enriched sample of 99:1 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (99:1 er shown; chiral dex GTA column, 10 psi, 70 oC). 
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(R)-Methyl 2-cyclopentyl-2-ethylbut-3-enoate (1.34). IR (neat): 3081 (w), 2942 (s) 
2873 (s), 1727 (s), 1639 (w), 1457 (m), 1432 (m), 1388 (w), 1356 (w), 1287 (m), 1224 (s), 
1142 (s), 1117 (s), 1010 (m), 916 (m), 809 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.01 
(1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.24 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.03 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.68 (3H, s, OCH3), 2.26-2.21 (1H, m, CH), 1.74 
(2H, q, J = 7.6 Hz, CH2CH3), 1.61-1.20 (8H, m, (CH2)4), 0.79 (3H, t, J = 7.2 Hz, CH3); 
13C NMR (CDCl3, 100 MHz): δ 176.1, 136.6, 115.7, 55.6, 51.7, 47.0, 28.1, 27.8, 26.9, 
25.5, 25.3, 9.6; HRMS (EI+): Calcd for C12H20O2: 196.1463, Found: 196.1459. 
Elemental Analysis: Anal Calcd for C12H20O2: C, 73.43; H, 10.27; Found C, 73.19; H, 
9.93. Optical Rotation: []D20 –0.82 (c 1.70, CHCl3) for an enantiomerically enriched 
sample of 95:5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95:5 er shown; chiral dex GTA column, 10 psi, 80 oC). 
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(R)-Methyl 2-cyclopentyl-2-vinylhexanoate (1.35). IR (neat): 3081 (w), 2955 (s), 2867 
(s), 1734 (s), 1633 (w), 1451 (m), 1432 (m), 1413 (w), 1243 (m), 1205 (s), 1148 (m), 
1004 (w), 916 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.03 (1H, dd, J = 17.6, 11.2 Hz, 
CH=CH2), 5.24 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 5.03 (1H, dd, J = 17.6, 1.2 Hz, 
CH=CHH), 3.67 (3H, s, OCH3), 2.27-2.22 (1H, m, CH), 1.70-1.04 (14H, m, 
CH2CH2CH2CH3 and CH(CH2)4), 0.86 (3H, t, J = 7.2 Hz, CH3); 13C NMR (CDCl3, 100 
MHz): δ 176.3, 136.9, 115.5, 55.0, 51.8, 47.3, 35.0, 28.1, 27.2, 26.9, 25.5, 25.3, 23.4, 
14.1; HRMS (EI+): Calcd for C14H24O2: 224.1776, Found: 224.1775. Elemental 
Analysis: Anal Calcd for C14H24O2: C, 74.95; H, 10.78; Found C, 74.85; H, 10.39.  
Optical Rotation: []D20 –1.89 (c 1.53, CHCl3) for an enantiomerically enriched sample 
of 91.5:8.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (92.5:7.5 er shown; -dex column, 10 psi, 90 oC). 
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(R)-Methyl 2-cyclohexyl-2-ethylbut-3-enoate (1.36). IR (neat): 3074 (w), 2930 (s), 
2854 (s), 1734 (s), 1633 (w), 1457 (s), 1388 (w), 1350 (w), 1230 (s), 1199 (s), 1136 (s), 
1054 (w), 1004 (s), 909 (m), 815 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.01 (1H, dd, 
J = 18.0, 11.2 Hz, CH=CH2), 5.23 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 4.98 (1H, dd, J 
= 18.0, 1.2 Hz, CH=CHH), 3.68 (3H, s, OCH3), 1.83-0.87 (13H, m, CH2CH3 and 
CH(CH2)5), 0.77 (3H, t, J = 7.2 Hz, CH2CH3); 13C NMR (CDCl3, 100 MHz): δ 176.3, 
136.5, 115.2, 57.3, 51.7, 46.0, 29.3, 27.2, 27.1, 26.8, 26.7, 26.1, 9.6; HRMS (EI+):  Calcd 
for C13H22O2: 210.1620, Found: 210.1624. Optical Rotation: []D20 +17.3 (c 1.85, 
CHCl3) for an optically enriched sample of 98:2 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98:2 er shown; chiral dex GTA column, 10 psi, 90 oC). 
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(R)-Methyl 2-cyclohexyl-2-vinylhexanoate (1.37). IR (neat): 3081 (w), 2930 (s), 2854 
(s), 1734 (s), 1639 (w), 1451 (s), 1432 (m), 1356 (w), 1274 (m), 1237 (m), 1199 (s), 1136 
(s), 1004 (m), 922 (m), 733 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.02 (1H, dd, J = 
18.0, 11.2 Hz, CH=CH2), 5.21 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 4.96 (1H, dd, J = 
18.0, 1.2 Hz, CH=CHH), 3.66 (3H, s, OCH3), 1.75-0.84 (20H, m, CH2CH2CH2CH3 and 
CH(CH2)5); 13C NMR (CDCl3, 100 MHz): δ 176.1, 136.8, 115.0, 56.6, 51.7, 46.2, 33.4, 
29.2, 27.3, 27.2, 27.1, 26.8, 26.7, 23.4, 14.1; HRMS (EI+): Calcd for C15H26O2: 238.1933, 
Found: 238.1931. Elemental Analysis: Anal Calcd for C15H26O2: C, 75.58; H, 10.99; 
Found C, 75.86; H, 10.66. Optical Rotation: []D20 +11.2 (c 1.00, CHCl3) for an 
enantiomerically enriched sample of 98:2 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98:2 er shown; chiral dex GTA column, 10 psi, 80 oC). 
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 Proof of absolute stereochemistry: The optical rotation of methyl 2-isopropyl-2-
methylbut-3-enoate (1.26) was compared to a previously reported value and optical 
rotation assignment. Thus, for a 97.5:2.5 er sample of (S)-methyl 2-isopropyl-2-
methylbut-3-enoate: []D20 –37.9 (c 1.10, CHCl3).  Literature value is []D20 –31.9 (c 
0.23, CHCl3) for a 77:23 er sample enriched in the S enantiomer.60 
 
1.8.3  Experimental Procedure and Characterization Data for Cu-Free EAA 
Reactions with Dialkylzinc and Trialkylaluminum Reagents 
 Representative experimental procedure for Cu-free enantioselective allylic 
alkylations of (E)-diethyl 3-phenylbut-2-enyl phosphate (1.60a) with diethylzinc 
reagents: In an N2-filled glovebox, an oven-dried 13 x 100 mm test tube was charged 
with imidazolinium salt I-3 (6.00 mg, 1.20 x 10-2 mmol, 0.10 equiv), sealed with a rubber 
septum and parafilm.  The vessel was removed from the glovebox. To a chiral 
imidazolinium salt I-3 under a nitrogen atmosphere were added THF (0.3 mL) and Et2Zn 
(37.0 µL, 0.360 mmol, 3.0 equiv) (PYROPHORIC, USE EXTREME CAUTION). The 
mixture was allowed to stir at 22 °C for 10 min and cool to –78 °C (dry ice/acetone bath). 
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A solution of (E)-diethyl 3-phenylbut-2-enyl phosphate (1.60a) (34.0 mg, 0.120 mmol, 
1.0 equiv) in THF (0.2 mL) was added and the mixture was allowed to warm to –30 °C 
(cryocool) and stir at this temperature for 48 h. At this time, the solution was allowed to 
cool to –78 °C (dry ice/acetone bath) and the reaction was quenched through addition of a 
saturated aqueous solution of NH4Cl (3 mL). The aqueous layer was washed with Et2O (3 
x 2 mL) and the organic layers were passed through a short plug of MgSO4 eluted with 
Et2O. The resulting solution was concentrated in vacuo to provide a colorless oil, which 
was purified by silica gel chromatography (100% n-pentane) to afford 1.61 as colorless 
oil (17.5 mg, 0.109 mmol, 91% yield). 
(S)-Pent-1-en-3-ylbenzene (1.48; This compound has been previously reported and 
spectra data match those previously described).61 1H NMR (400 MHz, CDCl3): δ 7.36-
7.18 (5H, m, ArH), 5.90 (1H, ddd, J = 17.2, 9.6, 7.2 Hz, CH=CH2), 5.06-5.00 (2H, m, 
CH=CH2), 3.14 (1 H, ddd, J = 7.2, 7.2, 7.2 Hz, CHCH=CH2), 1.82-1.67 (2H, m, 
CHCH2CH3), 0.88 (3H, dd, J = 7.2, 7.2 Hz, CHCH2CH3); 13C NMR (100 MHz, CDCl3): 
δ 144.6, 142.4, 128.5, 127.8, 126.2, 114.2, 51.9, 28.5, 12.3. Optical Rotation: []D20 
+31.3 (c 1.00, CHCl3) for an enantiomerically enriched sample of  82:18 er.  
Proof of Stereochemistry: literature value []D20 +35.0 (c 6.00, C6H6) for an 
enantiomerically enriched sample of 80.5:19.5 er is assigned to the S enantiomer.62 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (82:18 er shown; chiraldex GTA column, 15 psi, 45 oC). 
                                                 
(61) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676–10681.  
(62) Hayashi, T.; Hagihara, T.; Katsuro, Y.; Kumada, M. Bull. Chem. Soc. Jpn., 1983, 56, 363–364. 
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(S)-but-3-en-2-ylbenzene (1.49; This compound has been previously reported and 
spectra data match those previously described).61 1H NMR (400 MHz, CDCl3):  7.32-
7.15 (5H, m, ArH), 6.05-5.95 (1H, m, CH=CH2), 5.08-4.99 (2H, m, CH=CH2), 3.47 (1H, 
q, J = 6.8 Hz, CHCH3), 1.35 (3H, d, J = 6.8 Hz, CHCH3); 13C NMR (100 MHz, CDCl3): 
 145.7, 143.5, 128.6, 127.4, 126.3, 113.3, 43.4, 20.9. Optical Rotation: []D20 +1.29 (c 
0.580, CHCl3) for an enantiomerically enriched sample of  75:25 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (77.5:22.5 er shown; -dex column, 15 psi, 60 oC). 
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(S)-(4-Methylpent-1-en-3-yl)benzene (1.50; This compound has been previously 
reported and spectra data match those described).53 1H NMR (400 MHz, CDCl3): δ 7.13-
7.32 (5H, m, ArH), 5.97 (1H, m, CH=CH2), 5.03 (1H, m, CH=CH2), 4.99 (1H, m, 
CH=CH2), 2.87 (1H, t, J = 9.0 Hz, CH), 1.94 (1H, m, CH(CH3)2), 0.95 (3H, d, J = 6.8 Hz, 
CH3), 0.75 (3H, d, J = 6.8 Hz, CH3); 13C NMR (100 MHz, CDCl3): δ 144.5, 141.4, 128.5, 
128.1, 126.2, 115.1, 58.7, 32.8, 21.2, 21.0. Optical Rotation: []D20 +49.0 (c 0.610, 
CHCl3) for an enantiomerically enriched sample of  90:10 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (90.5:9.5 er shown; -dex column, 15 psi, 100 oC). 
 
(S)-1-Methyl-2-(pent-1-en-3-yl)benzene (1.52; This compound has been previously 
reported and spectra data match those described).61 1H NMR (400 MHz, CDCl3): δ 7.19-
7.08 (4H, m, ArH), 5.90 (1H, ddd, J = 17.2, 10.4, 7.2 Hz, CHCH=CH2), 5.04-4.96 (2H, 
m, CHCH=CH2), 3.41 (1H, ddd, J = 7.6, 7.6, 7.6 Hz, CHCH=CH2), 2.34 (3H, s, ArCH3), 
1.83-1.67 (2H, m, CHCH2CH3), 0.91 (3H, dd, J = 7.2, 7.2 Hz, CHCH2CH3); 13C NMR 
(100 MHz, CDCl3): δ 142.6, 142.0, 136.1, 130.5, 126.5, 126.3, 126.0, 114.2, 47.0, 28.1, 
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19.8, 12.4. Optical Rotation: []D20 +19.6 (c 0.800, CHCl3) for an enantiomerically 
enriched sample of 91.5:8.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (91.5:8.5 er shown; chiraldex GTA column, 15 psi, 50 oC). 
 
(S)-1-Bromo-2-(pent-1-en-3-yl)benzene (1.53). IR (neat): 2962 (w), 2930 (w), 2873 (w), 
1636 (w), 1467 (w), 1437 (w), 1039 (m), 914 (m), 746 (s) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 7.56-7.54 (1H, m, ArH), 7.29-7.27 (1H, m, ArH), 7.21 (1H, dd, J = 7.6, 1.6 Hz, 
ArH), 7.07-7.02 (1H, m, ArH), 5.92 (1H, ddd, J = 16.8, 7.6, 7.2 Hz,  CH=CH2), 5.10-
5.04 (2H, m, CH=CH2), 3.75 (1H, dt, J = 7.2, 7.2 Hz, CHCH=CH2), 1.78-1.70 (2H, m, 
CH2CH3), 0.90 (3H, t, J = 7.2 Hz, CH2CH3 ); 13C NMR (100 MHz, CDCl3): δ 143.5, 
140.6, 133.0, 128.5, 127.6, 127.6, 125.1, 115.1, 49.4, 28.0, 12.0; HRMS (ESI+): Calcd 
for C11H14Br1 [M+H]: 225.02789, Found: 225.02694. Optical Rotation: []D20 ‒10.4 (c 
1.12, CHCl3) for an enantiomerically enriched sample of 86.5:13.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (86.5:13.5 er shown; chiraldex GTA column, 15 psi, 110 oC). 
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(S)-But-3-en-2-ylcyclohexane (1.55; This compound has been previously reported and 
spectra data match those described).61 1H NMR (400 MHz, CDCl3): δ 5.52 (1H, ddd, J = 
17.6, 9.6, 8.0 Hz, CHCH=CH2), 4.95-4.89 (2H, m, CHCH=CH2), 1.95 (1H, ddq, J = 6.8, 
6.8, 6.8 Hz,  CHCH=CH2), 1.74-1.60 (5H, br m, CH and CH2CH2), 1.26-1.01 (4H, br m, 
CH2CH2), 0.96 (3H, d, J = 6.8 Hz, CHCH3), 0.99-0.87 (2H, m, CH2); 13C NMR (100 
MHz, CDCl3): δ 143.8, 113.1, 43.7, 43.0, 30.5, 30.4, 26.8, 26.8, 17.2. Optical Rotation: 
[]D20 –15.4 (c 2.00, CHCl3) for an enantiomerically enriched sample of  87.5:12.5 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (89.5:10.5 er shown; -dex column, 15 psi, 60 oC). 
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(S)-Pent-1-en-3-ylcyclohexane (1.56; This compound has been previously reported and 
spectra data match those described).61 1H NMR (400 MHz, CDCl3):  5.52 (1H, ddd, J = 
16.8, 9.6, 9.2 Hz, CHCH=CH2), 4.99-4.86 (2H, m, CHCH=CH2), 1.71-1.61 (6H, br m, 
aliphatic CH), 1.46 (1H, dqd, J = 13.3, 7.4, 4.1 Hz, CHCHHCH3), 1.26-0.84 (7H, br m, 
aliphatic CH), 0.81 (3H, dd, J = 7.6, 7.6 Hz, CHCH2CH3); 13C NMR (100 MHz, CDCl3): 
 141.6, 115.1, 52.2, 41.7, 31.3, 29.9, 26.9, 26.9, 26.9, 24.5, 12.2. Optical Rotation: 
[]D20 +3.80 (c 0.630, CHCl3) for an enantiomerically enriched sample of  91.5:8.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (91.5:8.5 er shown; -dex column, 15 psi, 70 oC). 
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(S)-(4-Methylpent-1-en-3-yl)cyclohexane (1.57; This compound has been previously 
reported and spectra data match those described).53 1H NMR (400 MHz, CDCl3): δ 5.51 
(1H, dt, J = 17.0, 10.0 Hz, CH=CH2), 5.01 (1H, dd, J = 10.2, 2.5 Hz, CH=CH2), 4.86 (1H, 
ddd, J = 17.0, 2.5, 0.5 Hz, CH=CH2), 1.77 (1H, t, J = 6.5 Hz, CH(CH3)2), 1.75-0.90 (12H, 
m, CyH and CHCH=CH2), 0.85 (3H, d, J = 6.5 Hz, CH3), 0.77 (3H, d, J = 6.7 Hz, CH3); 
13C NMR (100 MHz, CDCl3): δ 139.3, 116.3, 57.1, 32.0, 30.0, 27.4, 27.0, 26.9, 21.7, 18.9. 
Optical Rotation: []D20  +4.12 (c 0.740, CHCl3) for an enantiomerically enriched sample 
of  96:4 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (96:4 er shown; -dex column, 15 psi, 110 oC). 
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(S)-Dimethyl(pent-1-en-3-yl)(phenyl)silane (1.58; This compound has been previously 
reported and spectra data match those described).50 1H NMR (400 MHz, CDCl3): δ 7.50-
7.47 (2H, m, ArH), 7.36-7.25 (3H, m, ArH), 5.58 (1H, ddd, J = 17.2, 10.4, 9.6 Hz, 
CH=CH2),  4.91 (1H, ddd, J = 10.4, 2.0, 0.8 Hz, CH=CH2), 4.82 (1H, ddd, J = 17.2, 2.0, 
1,2 Hz, CH=CH2), 1.65-1.59 (1H, m, CHCH=CH2),  1.56-1.46 (1H, m, CH2CH3), 1.37-
1.19 (1H, m, CH2CH3), 0.86 (3H, t, J = 7.2 Hz, CH2CH3), 0.26 (3H, s, Si(CH3)), 0.26 
(3H, s, Si(CH3)); 13C NMR (100 MHz, CDCl3): δ 139.8, 138.2, 134.2, 129.1, 127.8, 
112.8, 36.8, 21.8, 14.3, –4.1, –4.9. Optical Rotation: []D20 +3.70 (c 0.726, CHCl3) for an 
enantiomerically enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95.5:4.5 er shown; -dex column, 15 psi, 70 oC). 
Chapter 1, Page 97 
 
 
(S)-Hept-1-en-3-yldimethyl(phenyl)silane (1.59). IR (neat): 3070 (w), 3050 (w), 2956 
(w), 2924 (w), 2856 (w), 1625 (w), 1377 (w), 1247 (m), 1112 (m), 893 (m), 830 (s), 811 
(s), 773 (m), 728 (s), 697 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.50-7.47 (2H, m, 
ArH), 7.36-7.32 (3H, m, ArH), 5.58 (1H, ddd, J = 17.2, 10.4, 9.6 Hz, CH=CH2), 4.88 
(1H, ddd, J = 10.4, 2.0, 0.8 Hz, CH=CH2), 4.80 (1H, ddd, J = 17.2, 2.0, 0.8 Hz, 
CH=CH2), 1.75-1.69 (1H, m, CHCH=CH2), 1.44-1.08 (6H, m, CH2CH2CH2CH3), 0.82 
(3H, t, J = 7.2 Hz, CH3), 0.26 (3H, s, Si(CH3)), 0.25 (3H, s, Si(CH3)); 13C NMR (100 
MHz, CDCl3): δ 140.1, 138.2, 134.2, 129.1, 127.8, 112.5, 34.5, 31.7, 28.3, 22.6, 14.2, –
4.2, ‒4.9; HRMS (ESI+): Calcd for C15H25Si1 [M+H]: 233.17255, Found: 233.17313. 
Optical Rotation: []D20 +9.70 (c 0.800, CHCl3) for an enantiomerically enriched sample 
of 91.5:8.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (93:7 
er shown; Chiralcel OD column, 99.5/0.5 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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(S)-(3-Methylpent-1-en-3-yl)benzene (1.61; This compound has been previously 
reported and spectra data match those described).61 1H NMR (400 MHz, CDCl3): δ 7.34-
7.17 (5H, m, ArH), 6.03 (1H, dd, J = 17.6, 10.8 Hz, CCH=CH2), 5.11 (1H, dd, J = 10.8, 
1.6 Hz, CCH=CH2), 5.05 (1H, dd, J = 17.6, 1.6 Hz, CCH=CH2), 1.89-1.72 (2H, m, 
CCH2CH3), 1.39 (3H, s, CCH3), 0.77 (3H, dd, J = 7.6, 7.6 Hz, CCH2CH3); 13C NMR 
(100 MHz, CDCl3): δ 147.6, 147.1, 128.2, 126.9, 125.8, 111.9, 44.7, 33.6, 24.5, 9.1. 
Optical Rotation: []D20 +3.43 (c 1.00, CHCl3) for an enantiomerically enriched sample 
of 95:5 er.  
Proof of Stereochemistry: literature value ([]D26 +4.55 (c 1.10, CHCl3)) is assigned to 
the S enantiomer.63 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95.5:4.5 er shown; -dex column, 15 psi, 80 oC). 
                                                 
(63) Yanagisawa, A.; Nomura, N.; Yamada, Y.; Hibino, H.; Yamamoto, H. Synlett 1995, 841–842. 
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(S)-(3-Methylhept-1-en-3-yl)benzene (1.62). IR (neat): 3083 (w), 3058 (w), 3023 (w), 
2958 (s), 2931 (s), 2861 (m),  1634 (w), 1600 (w), 1493 (m), 1466 (m), 1445 (m), 
1411(w), 1372 (w), 1065 (w), 1030 (w), 1000 (w), 910 (s), 762 (s), 697 (s) cm–1; 1H 
NMR (400 MHz, CDCl3): δ 7.33-7.27 (4H, m, ArH), 7.19-7.15 (1H, m, ArH), 6.03 (1H, 
dd, J = 17.6, 10.8 Hz, CCH=CH2), 5.08 (1H, dd, J = 10.8, 1.6 Hz, CCH=CH2), 5.02 (1H, 
dd, J = 17.6, 1.6 Hz, CCH=CH2), 1.82-1.65 (2H, m, CH2CH2CH2CH3), 1.36 (3H, s, 
CCH3), 1.29-1.05 (4H, m, CH2CH2CH2CH3), 0.85 (3H, t, J = 7.2 Hz, CH2CH2CH2CH3); 
13C NMR (100 MHz, CDCl3): δ 147.3, 128.1, 126.7, 125.7, 111.6, 44.3, 41.0, 26.8, 25.1, 
23.5, 14.1; HRMS (ESI+): Calcd for C14H21 [M+H]: 189.16433, Found: 189.16412. 
Optical Rotation: []D20 +4.69 (c 1.29, CHCl3) for an enantiomerically enriched sample 
of  95:5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95.5:4.5 er shown; Chiraldex GTA column, 15 psi, 45 oC). 
Chapter 1, Page 100 
 
 
(S)-(3,4-Dimethylpent-1-en-3-yl)benzene (1.63; This compound has been previously 
reported and spectra data match those described).53 1H NMR (400 MHz, CDCl3): δ 7.14-
7.35 (5H, m, ArH), 6.16 (1H, dd, J = 17.6, 11.1 Hz, CH=CH2), 5.17 (1H, dd, J = 10.9, 
1.4 Hz, CH=CH2), 5.05 (1H, dd, J = 17.7, 1.6 Hz, CH=CH2), 2.19 (1H, t, J = 7.0 Hz, 
CH(CH3)2), 1.32 (3H, s, CH3), 0.84 (3H, d, J = 6.7 Hz, CH(CH3)2), 0.76 (3H, d, J = 6.8 
Hz, CH(CH3)2); 13C NMR (100 MHz, CDCl3): δ 148.4, 144.9, 128.2, 126.8, 125.7, 113.3, 
47.7, 36.3, 20.7, 18.4, 17.9. Optical Rotation: []D20 +26.9 (c 0.62, CHCl3) for an 
enantiomerically enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95.5:4.5 er shown; -dex column, 15 psi, 110 oC). 
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(S)-1-(3-Methylpent-1-en-3-yl)-4-(trifluoromethyl)benzene (1.64; This compound has 
been previously reported and spectra data match those described).61 1H NMR (400 MHz, 
CDCl3): δ 7.54 (2H, d, J = 8.4 Hz, ArH), 7.42 (2H, dd, J = 8.4, 0.8 Hz, ArH), 6.00 (1H, 
dd, J = 17.2, 10.8 Hz, CCH=CH2), 5.15 (1H, dd, J = 10.8, 1.2 Hz, CCH=CH2), 5.06 (1H, 
dd, J = 17.2, 1.2 Hz, CCH=CH2), 1.88-1.75 (2H, m, CCH2CH3), 1.37 (3H, s, CCH3), 
0.76 (3H, dd, J = 7.2, 7.2 Hz, CCH2CH3); 13C NMR (100 MHz, CDCl3): δ 151.8, 146.1, 
127.3, 125.1 (q, J = 3.8 Hz), 124.4 (q, J = 270.2 Hz), 112.8, 44.9, 33.5, 24.5, 9.0. Optical 
Rotation: []D20 +11.2 (c 1.00, CHCl3) for an enantiomerically enriched sample of  
94.5:5.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (94.5:5.5 er shown; -dex column, 15 psi, 110 oC). 
 
(S)-1-(3-Methylpent-1-en-3-yl)-4-nitrobenzene (1.65; This compound has been 
previously reported and spectra data match those described).61 1H NMR (400 MHz, 
CDCl3): δ 8.15 (2H, d, J = 8.8 Hz, ArH), 7.47 (2H, d, J = 8.8 Hz, ArH), 6.00 (1H, dd, J = 
17.6, 10.8 Hz, CCH=CH2), 5.18 (1H, dd, J = 10.8, 1.2 Hz, CCH=CH2), 5.08 (1H, dd, J = 
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17.6, 1.2 Hz, CCH=CH2), 1.91-1.75 (2H, m, CCH2CH3), 1.39 (3H, s, CCH3), 0.77 (3H, 
dd, J = 7.6, 7.6 Hz, CCH2CH3); 13C NMR (100 MHz, CDCl3): δ 155.6, 146.3, 145.5, 
127.9, 123.4, 113.4, 45.3, 33.6, 24.5, 9.0. Optical Rotation: []D20 +21.5 (c 1.25, CHCl3) 
for an enantiomerically enriched sample of  94.5:5.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (94.5:5.5 er shown; -dex column, 15 psi, 130 oC). 
 
(S)-(3-Methylpent-1-en-3-yl)cyclohexane (1.66, This compound has been previously 
reported and spectra data match those described).52 1H NMR (400 MHz, CDCl3):  5.65 
(1H, dd, J = 17.6, 10.8 Hz, CCH=CH2), 5.00 (1H, dd, J = 10.8, 1.6 Hz, CCH=CH2), 4.84 
(1H, dd, J = 17.6, 1.6 Hz, CCH=CH2), 1.80-1.60 (6H, m, CH2), 1.50-1.05 (8H, m, CH2), 
0.95 (m, 2H, CH2CH3), 0.85 (3H, s, CH3), 0.75 (3H, t, J = 7.2 Hz, CH2CH3); 13C NMR 
(100 MHz, CDCl3):  146.7, 112.1, 46.0, 42.4, 31.1, 28.0, 27.4, 27.3, 27.0, 18.5, 8.5. 
Optical Rotation: []D20 +6.96 (c 0.670, CHCl3) for an enantiomerically enriched sample 
of 97.5:2.5 er.  
Chapter 1, Page 103 
 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (97.5:2.5 er shown; -dex column, 5 psi, 40 oC). 
 
(S)-tert-Butyl 2-methyl-2-vinylhexanoate (1.68). IR (neat): 3087 (w), 2961 (s), 2936 (s), 
2860 (s), 1727 (s), 1633 (w), 1463 (m), 1406 (w), 1369 (s), 1262 (s), 1174 (s), 1142 (s), 
916 (m), 853 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 5.97 (1H, dd, J = 17.6, 10.8 Hz, 
CH=CH2), 5.05-5.01 (2H, m, CH=CH2), 1.66-1.44 (2H, m, CH2CH2CH2CH3), 1.41 (9H, 
s, (CH3)3), 1.30-1.14 (7H, m, CCH3 and CH2CH2CH2CH3), 0.87 (3H, t, J = 7.2 Hz, 
CH3); 13C NMR (100 MHz, CDCl3): δ 175.3, 142.7, 112.9, 80.3, 49.2, 39.1, 28.1, 26.9, 
23.3, 20.6, 14.1; HRMS (EI+): Calcd for C13H24O2: 212.1776, Found: 212.1773. Optical 
Rotation: []D20 +8.65 (c 1.08, CHCl3) for an enantiomerically enriched sample of 
93.5:6.5 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (93.5:6.5 er shown; Chiraldex GTA column, 10 psi, 35 oC). 
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 Representative experimental procedure for Cu-free enantioselective allylic 
alkylations of trimethylaluminum reagents to (E)-3-cyclohexylallyl diethyl 
phosphate (1.47e): In an N2-filled glovebox, an oven-dried 13 x 100 mm test tube was 
charged with imidazolinium salt I-3 (2.50mg, 5.00 x 10-3 mmol, 0.05 equiv) and a stir bar, 
sealed with a rubber septum and parafilm. The sample was then removed from the 
glovebox. To a chiral imidazolinium salt I-3 under a nitrogen atmosphere were added 
THF (0.3 mL) and Et2Zn (0.1 M in THF, 100 L, 0.0100 mmol, 0.10 equiv) 
(PYROPHORIC, USE EXTREME CAUTION). The mixture was allowed to stir at 22 °C 
for 30 min, charged with Me3Al (19.2 L, 0.200 mmol, 2.0 equiv) (PYROPHORIC, USE 
EXTREME CAUTION) through a syringe, and cooled to –78 °C (dry ice/acetone bath). 
The solution of (E)-3-cyclohexylallyl diethyl phosphate (1.47e) (27.6 mg, 0.100 mmol, 
1.0 equiv) in THF (0.2 mL) was added and the mixture was allowed to warm to –15 °C 
(cryocool) for 24 h. At this time, the solution was allowed to cool to –78 °C (dry 
ice/acetone bath) after which the reaction was quenched through addition of a saturated 
aqueous solution of Rochelle’s salt (sodium potassium tartrate) (3 mL). The aqueous 
layer was washed with Et2O (3 x 2 mL) and the organic layers were passed through a 
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short plug of MgSO4 eluted with Et2O. The resulting solution was concentrated in vacuo 
to provide colorless oil, which was purified by silica gel chromatography (100% pentane) 
to afford the desired product 1.75 as colorless oil (11.6 mg, 0.083 mmol, 83.0% yield). 
(S)-But-3-en-2-ylbenzene (1.49; This compound has been previously reported and 
spectra data match those described).52 1H NMR (400 MHz, CDCl3):  7.32-7.15 (5H, m, 
ArH), 6.05-5.95 (1H, m, CH=CH2), 5.08-4.99 (2H, m, CH=CH2), 3.47 (1H, q, J = 6.8 Hz, 
CHCH3), 1.35 (3H, d, J = 6.8 Hz, CHCH3); 13C NMR (100 MHz, CDCl3):  145.7, 143.5, 
128.6, 127.4, 126.3, 113.3, 43.4, 20.9. Optical Rotation: []D20 +1.29 (c 0.580, CHCl3) 
for an enantiomerically enriched sample of  75:25 er.  
Proof of Stereochemistry: literature value []D20 +5.08 (neat) for an enantiomerically 
enriched sample of 93:7 er is assigned to the S enantiomer.62 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (85.5:4.5 er shown; -dex column, 15 psi, 60 oC). 
 
(S)-1-(But-3-en-2-yl)-2-methylbenzene (1.73; This compound has been previously 
reported and spectra data match those described).64  1H NMR (400 MHz, CDCl3): δ 7.20-
                                                 
(64) Hayashi, T.; Konishi, M.; Yokota, K-I.; Kumada, M. J. Organomet. Chem. 1985, 285, 359–373. 
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7.09 (4H, m, ArH), 5.99 (1H, ddd, J = 17.2, 10.4, 5.6 Hz, CH=CH2), 5.06-4.99 (2H, m, 
CH=CH2), 3.73-3.66 (1H, m, CHCH=CH2), 2.35 (3H, s, ArCH3), 1.34 (3H, d, J = 6.8 Hz, 
CHCH3); 13C NMR (100 MHz, CDCl3): δ 143.6, 142.9, 135.7, 130.5, 126.4, 126.4, 126.1, 
113.3, 38.7, 20.1, 19.6. Optical Rotation: []D20 −10.4 (c 0.560, CHCl3) for an 
enantiomerically enriched sample of  87:13 er.   
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (87:13 er shown; -dex column, 15 psi, 70 oC). 
 
(S)-1-(But-3-en-2-yl)-2-nitrobenzene (1.74; This compound has been previously 
reported and spectra data match those described).53 1H NMR (400 MHz, CDCl3): δ 7.74 
(1H, dd, J = 8.4, 1.2 Hz, ArH), 7.53 (1H, t, J = 8.0 Hz, ArH), 7.42 (1H, d, J = 8.0 Hz, 
ArH), 7.32 (1H, m, ArH), 5.98 (1H, m, CHCH=CH2), 5.11 (1H, m, CHCH=CH2), 4.06 
(1H, dq, J = 7.2, 7.2 Hz, CHCH=CH2), 1.42 (3H, d, J = 7.6 Hz, CHCH3); 13C NMR (100 
MHz, CDCl3): δ 140.9, 139.4, 132.4, 129.0, 126.8, 123.9, 114.4, 36.9, 20.1. Optical 
Rotation: []D20 –82.6 (c 0.760, CHCl3) for an enantiomerically enriched sample of  
69:31 er.  
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(85.5:4.5 er shown; Chiralcel OD column, 99.5/0.5 hexanes/i-PrOH, 1.0 mL/min, 220 
nm). 
 
(S)-But-3-en-2-ylcyclohexane (1.75; This compound has been previously reported and 
spectra data match those described).61 1H NMR (400 MHz, CDCl3): δ 5.52 (1H, ddd, J = 
17.6, 9.6, 8.0 Hz, CHCH=CH2), 4.95-4.89 (2H, m, CHCH=CH2), 1.95 (1H, ddq, J = 6.8, 
6.8, 6.8 Hz,  CHCH=CH2), 1.74-1.60 (5H, br m, CH2), 1.26-1.01 (4H, br m, aliphatic 
CH2), 0.96 (3H, d, J = 6.8 Hz, CHCH3), 0.99-0.87 (2H, m, aliphatic CH2); 13C NMR 
(100 MHz, CDCl3): δ 143.8, 113.1, 43.7, 43.0, 30.5, 30.4, 26.8, 26.8, 17.2. Optical 
Rotation: []D20 –15.4 (c 2.00, CHCl3) for an enantiomerically enriched sample of 
87.5:12.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (87.5:12.5 er shown; -dex column, 15 psi, 60 oC). 
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 Experimental procedure for the preparation of NHC-Zn(II) complex 1.70: In an 
N2-filled glovebox, imidazolinium salt I-3 (30.0 mg, 0.0600 mmol), Et2Zn (19.0 L, 
0.181 mmol), and THF- d8 (0.75 mL) were added into an oven-dried vial (4 mL, 17 x 38 
mm), which placed in a larger vial (27 x 95 mm) containing hexanes (3 mL) and sealed 
with a cap and Teflon tape. After 24 hours, colorless needle-like crystals were generated 
through diffusion of hexane vapor. The volatiles were removed through a pipette and 
crystals were dried in vacuo to afford a white solid (38.0 mg, 0.0575 mmol, 96.0 % yield). 
mp: 248‒250 °C (decomp); 1H NMR (400 MHz, THF-d8): δ 8.13-8.11 (1H, m, ArH),  
7.65 (1H, d, J = 8.0 Hz, ArH), 7.50-7.48 (1H, m, ArH), 7.38 (1H, br d, J = 6.4 Hz, ArH), 
7.27-7.13 (8H, m, ArH), 6.93-6.92 (1H, m, ArH), 6.68 (1H, m, ArH), 6.36 (1H, d, J = 
12.4 Hz, NCH), 5.39 (1H, d, J = 12.4 Hz, NCH), 2.62 (3H, s, ArCH3), 2.18 (3H, s, 
ArCH3), 1.99 (3H, s, ArCH3), 0.63 (3H, t, J = 8.0 Hz, ZnCH2CH3), –0.58, –0.66 (2H, m, 
ZnCH2CH3); 13C NMR (100 MHz, THF-d8): δ 204.0 (Ccarbene), 142.5, 139.1, 138.4, 137.8, 
137.5, 137.4, 135.3, 135.0, 131.0, 130.7, 130.5, 130.1, 130.1, 129.8, 129.7, 129.1, 127.2, 
125.5, 77.6, 75.5, 21.1, 19.1, 19.0, 7.1, –1.7; LRMS (ES+): Calcd for C32H32N2O3SZn 
[M+H]: 589.1503, Found: 589.0684.  
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 NMR experiment for NHC-Zn(II) complex I-71:  
 
In an N2-filled glovebox, imidazolinium salt I-14 (15.0 mg, 0.0300 mmol) and THF-d8 
(0.75 mL) were added into an oven-dried vial, which was sealed with a rubber septum 
and removed from the glovebox. Under an N2 atm, Et2Zn (9.20 µL, 0.0900 mmol) 
(PYROPHORIC, USE EXTREME CAUTION) was added to the solution. The resulting 
solution was transferred into NMR tube, which was sealed with a cap in the glovebox. 1H 
NMR (400 MHz, THF-d8): δ 7.73 (1H, d, J = 8.0 Hz), 7.58 (1H, d, J = 6.8 Hz), 7.44-7.38 
(2H, m), 7.36-7.18 (10H, m), 6.83 (1H, s), 6.67 (1H, s), 6.23 (1H, d, J = 8.8 Hz), 5.23 
(1H, d, J = 8.8 Hz), 2.37 (3H, s), 2.14 (3H, s), 1.89 (3H, s), 0.61 (3H, br s, NHC-Zn-
CH2CH3), –0.47 (2H, br s, NHC-Zn-CH2CH3); 13C NMR (100 MHz, THF-d8): δ 205.8 
(Ccarbene), 139.0, 137.8, 137.1, 136.9, 136.6, 136.4, 134.3, 131.9, 130.9, 130.6, 130.2, 
130.0, 129.7, 129.6, 129.0, 128.1, 128.0, 125.3, 77.3, 75.5, 21.0, 19.4, 18.7, 7.1, –1.5. 
  
 Experimental procedure for the preparation of NHC-Al(III) complex I-72: In an 
N2-filled glovebox, imidazolinium salt I-3 (30.0 mg, 0.060 mmol), Et2Zn (18.0 L, 0.181 
mmol) (PYROPHORIC, USE EXTREME CAUTION), and THF (2.0 mL) were added 
into an oven-dried vial (4 mL, 17 x 38 mm). The solution was allowed to stir for 24 hours. 
After this time, AlMe3 (87.0 L, 0.906 mmol) (PYROPHORIC, USE EXTREME 
Chapter 1, Page 110 
 
CAUTION) was added. The vial containing mixture solution put into bigger size vial (27 
x 95 mm) containing hexanes (3mL) and sealed with cap and Teflon tape. After 5 days, 
colorless needle-like crystals were generated through diffusion of hexane vapor. The 
volatiles were removed through a pipette and crystals were dried in vacuo to afford a 
white solid (28.0 mg, 0.0507 mmol, 84.5% yield, Imidazolinium salt I-3 was observed by 
400 MHz 1H NMR due to instability of NHC-AlMe2 complex). 1H NMR (400 MHz, 
THF-d8): δ 8.04 (1H, dd, J = 7.2, 0.8 Hz, ArH), 7.66-7.61 (3H, m, ArH), 7.48-7.39 (4H, 
m, ArH), 7.31-7.15 (6H, m, ArH), 6.95 (1H, s, ArH), 6.66 (1H, s, ArH), 6.59 (1H, d, J = 
12.8 Hz, NCH), 5.47 (1H, d, J = 12.8 Hz, NCH), 2.62 (3H, s, ArCH3), 2.18 (3H, s, 
ArCH3), 1.89 (3H, s, ArCH3), –1.40 (3H, s, AlCH3), –1.74 (3H, s, AlCH3); 13C NMR 
(100 MHz, THF-d8): δ 195.2 (Ccarbene), 140.0, 138.6, 137.5, 137.1, 137.0, 133.9, 133.9, 
133.1, 130.8, 130.7, 130.6, 130.3, 129.9, 129.6, 129.5, 129.5, 127.8, 124.7, 23.3, 21.1, 
14.5, –10.6, –11.7; LRMS (ES+): Calcd for C32H34N2O3SAl [M+H]: 553.2106, Found: 
553.2088.  
(R)-1-(4-Chlorophenyl)propan-1-ol (1.77). 1H NMR (400 MHz, CDCl3):  7.32-7.25 
(4H, m, ArH), 4.57 (1H, td, J = 6.4, 2.8 Hz, CHOH), 1.88 (1H, d, J = 2.8 Hz, CHOH), 
1.88-1.65 (2H, m, CH2CH3), 0.9 (3H, t, J = 7.6 Hz, CH2CH3); 13C NMR (100 MHz, 
CDCl3): δ 143.2, 133.3, 128.7, 127.5, 75.5, 32.1, 10.1. Optical Rotation: []D20 +33.2 (c 
1.73, CHCl3) for an enantiomerically enriched sample of 90:10 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (91:9 er shown; β-dex column, 15 psi, 130 oC). 
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(S)-Methyl 2-(2-methoxyphenylamino)-2-phenylpropanoate (1.80; This compound 
has been previously reported and spectra data match those described).65  1H NMR (400 
MHz, CDCl3):  7.59-7.57 (2H, m, ArH), 7.37-7.33 (2H, m, ArH), 7.30-7.26 (1H, m, 
ArH), 6.78 (1H, dd, J = 7.6, 1.6 Hz, ArH), 6.61-6.56 (2H, m, ArH), 6.05 (1H, dd, J = 7.2, 
1.6 Hz, ArH), 5.78 (1H, s, NH), 3.90 (3H, s, COOCH3), 3.68 (3H, s, ArOCH3), 1.98 (3H, 
s, CCH3); 13C NMR (100 MHz, CDCl3): δ 175.1, 147.7, 141.4, 134.6, 128.7, 127.6, 127.0, 
120.6, 116.9, 113.1, 109.7, 63.0, 55.7, 53.2, 23.5. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (74.5:25.5 er shown; Chiralcel OD column, 98/2 hexanes/i-PrOH, 0.2 
mL/min, 254 nm). 
                                                 
(65) Fu, P.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 5530–5541. 
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Chapter 2 
Cu-Catalyzed Enantioselective Allylic Substitutions 
with Alkyl Grignard Reagents and Alkyl, Aryl, and 
Heterocyclic Aluminum Reagents 
 
2.1 Introduction 
Catalytic enantioselective allylic alkylation (EAA) reactions of organometallic 
reagents to allylic halides and phosphates are one of the most powerful methods for the 
construction of C‒C bonds.1 While the last decade has shown considerable advances in 
Cu-catalyzed EAA with organometallic reagents for the formation of tertiary stereogenic 
centers, efficient synthesis of difficult-to-access all-carbon quaternary stereogenic centers 
has been underdeveloped. 2  The majority of investigations approaching quaternary 
stereogenic centers through Cu-catalyzed EAA reactions have utilized dialkyl-2 and 
diarylzinc reagents.2f Organozinc reagents are mild and tolerant to functional groups on 
                                                 
(1) For reviews on Cu-catalyzed allylic alkylation reactions that involve “hard” alkyl- or arylmetal-based 
reagents, see: (a) Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. A. Chem. Commun. 2004, 1779–1785. (b) 
Yorimitsu, H.; Oshima, K. Angew. Chem., Int. Ed. 2005, 44, 4435–4439. (c) Falciola, C. A.; Alexakis, A. 
Eur. J. Org. Chem. 2008, 3765–3780. (d) Alexakis, A.; Bäckvall, J.-E.; Krause, N.; Pàmies, O.; Diéguez, 
M. Chem. Rev. 2008, 108, 2796‒2823. (e) Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Minnaard, A. J.; 
Feringa, B. L. Chem. Rev. 2008, 108, 2824‒2852. (f) Lu, Z.; Ma, S. Angew. Chem., Int. Ed. 2008, 47, 
258‒297. 
(2) (a) Luchaco-Cullis, C.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2001, 40, 
1456‒1460. (b) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676‒10681. (c) 
Larsen, A. O.; Leu, W.; Oberhuber, C. N.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 
11130‒11131. (d) Murphy, K. E.; Hoveyda, A. H. Org. Lett. 2005, 7, 1255‒1258. (e) Van Veldhuizen, J. J.; 
Campbell, J. E.; Guidici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877‒6882. (f) Kacprzynski, 
M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 4554‒4558. 
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substrates and on the zinc reagents itself. Despite those advantages and highly selective 
alkylation reactions involving organozinc reagents, we have taken an interest in the 
development of more efficient and practical methods toward catalytic EAA with 
Grignard reagents and organoaluminum reagents, which are less expensive, more user-
friendly and offer a wider range of availability of alkyl and aryl groups. Since the first 
Cu-catalyzed EAA with Grignard reagents was reported in 1995 by Bäckvall and van 
Koten,3 the corresponding transformations involving alkyl Grignard reagents have been 
studied intensively, but most studies have been focused on the synthesis of tertiary 
stereogenic centers.1,4  Only few instances of Cu-catalyzed alkylation of a trisubstituted 
allylic substrate with EtMgBr have been reported, affording an enantiomerically enriched 
quaternary stereogenic center with moderate regio- (85:15 SN2’:SN2) and 
enantioselectivity (up to 88:12 er).5 Moreover, there is one example of utilization of 
commercially available and inexpensive trimethylaluminum in a Cu-catalyzed EAA: an 
intermediate containing two tertiary stereogenic centers was constructed by a double 
EAA in a total synthesis of baconipyrone C.6 
We described a protocol for Cu-free catalytic EAA reactions of -chloro--
unsaturated esters with Grignard reagents activated by a chiral bidentate N-heterocyclic 
                                                 
(3) Van Klaveren, M.; Persson, E. S. M.; del Villar, A.; Grove, D. M.; Bäckvall, J.-E.; van Koten, G. 
Tetrahedron Lett. 1995, 36, 3059‒3062.  
(4) For a review of SN2’ Grignard coupling reactions, see: Kar, A.; Argade, N. P. Synthesis 2005, 
2995‒3022. 
(5) (a) Seo, H.; Hirsch-Weil, D.; Abboud, K. A.; Hong, S. J. Org. Chem. 2008, 73, 1983‒1986. (b) Falciola, 
C. A.; Tissot-Croset, K.; Reyneri, H.; Alexakis, A. Adv. Synth. Catal. 2008, 350, 1090 –1100. 
(6) (a) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 3860‒3864. For examples of 
Cu-catalyzed enantioselective allylic substitutions of vinylaluminum reagents, see: (b) Lee, Y.; Akiyama, 
K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 446‒447. (c) Akiyama, 
K.; Gao, F.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2010, 49, 419‒423. 
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carbene (NHC)7 that affords compounds containing all-carbon quaternary stereogenic 
centers with moderate to high regio- (78:22‒93:7 SN2’:SN2) and enantioselectivities 
(81.5:18.5‒99:1 er) as detailed in Chapter 1.8 Although Grignard reagents have been 
successfully employed in selective alkylations, several shortcomings detract from the 
utility of this method. NHC-Mg-catalyzed EAA required relatively high catalyst loadings 
(5‒10 mol %) and long reaction times (24‒60 h) to afford the desired product with 
appreciable yields. Moreover, competitive uncatalyzed reaction provided the undesired 
product (cyclopropane product) in up to 28% (see section 1.3). Thus, we set out to 
develop efficient and selective methods for the formation of enantiomerically enriched 
all-carbon quaternary stereogenic centers through Cu-catalyzed EAA involving alkyl 
magnesium and organoaluminum reagents.  
Investigations in our laboratories have focused on the design and development of 
enantiomerically pure chiral NHC-Ru,9 -Cu,10  -Mg,8 -Zn,11  and -Al complexes11 that 
                                                 
(7) For recent reviews on N-heterocyclic carbenes as catalysts in organic synthesis, see: (a) Enders, D.; 
Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606–5655. (b) Marion, N.; Díez-González, S.; Nolan, S. 
P. Angew. Chem., Int. Ed. 2007, 46, 2988–3000. For representative reviews on N-heterocyclic carbenes as 
ligands in metal catalyzed processes, see: (c) Kantchev, E. A. B.; O’Brien, C. J.; Organ, M. G. Angew. 
Chem., Int. Ed. 2007, 46, 2768–2813. (d) Gade, L. H.; Bellemin-Laponnaz, S. Top. Organomet. Chem. 
2007, 21, 117–157. (e) Tekavec, T. N.; Louie, J. Top. Organomet. Chem. 2007, 21, 159–192. (f) Díez-
González, S.; Marion, N. Nolan, S. P. Chem. Rev. 2009, 109, 3612‒3676. 
(8) Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 128, 15604‒15605. 
(9) (a) Van Veldhuizen, J. J.; Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 
4954–4955. (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2003, 125, 12502–12508. (c) Gillingham, D. G.; Kataoka, O.; Garber, S. B.; Hoveyda, A. 
H. J. Am. Chem. Soc. 2004, 126, 12288–12290. (d) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877–6882. For an overview, see: (e) Hoveyda, A. H.; 
Gillingham, D. G.; Van Veldhuizen, J. J.; Kataoka, O.; Garber, S. B.; Kingsbury, J. S.; Harrity, J. P. A. Org. 
Biomol. Chem. 2004, 2, 8–23. 
( 10 ) For examples of Cu-catalyzed enantioselective conjugate additions promoted by NHC ligands 
developed in our laboratories, see: (a) Lee, K.-s.; Brown, M. K.; Hird, A. W.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2006, 128, 7182‒7184. (b) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., 
Int. Ed. 2007, 46, 1097‒1100. (c) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 
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promote a range of enantioselective C‒C and C‒B12 bond formations. In this chapter, we 
demonstrate that chiral NHC-Cu complexes, derived in situ from the transmetalation of 
Ag-based NHC complex with commercially available and air stable CuCl2•2H2O, are 
effective for enantioselective EAA of trisubstituted olefins with alkyl magnesium and 
aluminum reagents, 13  generating quaternary stereogenic centers efficiently and 
selectively (up to 99.5:0.5 er). In addition to Cu-catalyzed EAA involving alkylating 
reagents, we describe the results of our studies regarding aryl and heterocycle additions 
with aluminum-based reagents.  Those aryl and heterocyclic aluminum reagents are 
generated in situ from transmetalation of aryl or heterocyclic lithium with commercially 
available Et2AlCl and used directly without further isolation and purification. 14  The 
corresponding products bearing aryl, furyl, 15  and thiophenyl 16  moieties are one of 
important intermediates found in natural products and may be further functionalized in 
several synthetically useful ways. To the best of our knowledge, this is the first example 
                                                                                                                                                 
47, 7358‒7362. (d) Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 12904‒12906. (e) Lee, 
K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462. For examples of Cu-catalyzed enantioselective 
allylic alkylations promoted by NHC ligands developed in our laboratories, see: (f) ref (2c), (2e), (2f) and 
ref (6). 
(11) Lee, Y.; Li, B.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 11625‒11633. 
(12) (a) Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3160‒3161. (b) Lee, Y.; Jang, H.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2009, 131, 18234‒18235. 
(13) For examples of NHC-Cu catalyzed enantioselective allylic alkylations with Grignard reagents for the 
formation of tertiary stereogenic centers, see: (a) Tominaga, S.; Oi, Y.; Kato, T.; An, D. K.; Okamoto, S. 
Tetrahedron Lett. 2004, 45, 5585‒5588. (b) Okamoto, S.; Tominaga, S.; Saino, N.; Kase, K.; Shimoda, K. J. 
Organomet. Chem. 2005, 690, 6001‒6007. (c) ref (5). (d) Selim, K. B.; Matsumoto, Y.; Yamada, K.-i.; 
Tomioka, K. Angew. Chem., Int. Ed. 2009, 48, 8733‒8735. 
(14) (a) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 7358‒7362. (b) 
Hawner, C.; Li, K.; Cirriez, V.; Alexakis, A. Angew. Chem., Int. Ed. 2008, 47, 8211‒8214. 
(15) One example of catalytic enantioselective ketone additions with Et2Al(2-furyl) has been reported. See: 
Wu, K.-H.; Chuang, D.-W.; Chen, C.-A.; Gau, H.-M. Chem. Commun. 2008, 2343‒2345. 
(16) For an example of catalytic enantioselective additions of Al(2-thiophenyl)3 to ketones, see: Biradar, D. 
B.; Zhou, S.; Gau, H.-M. Org. Lett. 2009, 11, 3386‒3389. 
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in Cu-catalyzed enantioselective allylic substitutions with aryl and heterocyclic 
aluminum reagents to afford highly enantiomerically enriched all-carbon quaternary 
stereogenic centers (up to 99.5:0.5 er). 
   
2.2 Background  
 In this section, the advances regarding Cu-catalyzed EAAs of trisubstituted allylic 
substrates with dialkylzinc and Grignard reagents, leading to the formation of 
enantiomerically enriched all-carbon quaternary stereogenic centers, will be summarized. 
In 2001, research in our laboratories has resulted in the first example of Cu-catalyzed 
EAA with “hard” alkylating agents to afford redundant all-carbon quaternary stereogenic 
centers.2a The corresponding transformations are carried out with dialkylzinc reagents in 
the presence of 10 mol % of readily prepared amino acid-based ligands that bear o-Oi-Pr 
pyridinyl residue such as 2.3, 2.4, and 2.8 and 10 mol % CuCN. As shown in Scheme 2.1, 
C‒C bond forming reactions of aryl-containing trisubstituted allylic phosphates proceed 
to the desired SN2’ products 2.2, 2.5, and 2.6 efficiently with excellent regioselectivity 
(>98% SN2’) and high enantioselectivities (89:11‒95:5 er). It was found that the optimal 
chiral amino acid-based ligand varies depending on the substrate. In this report, we 
demonstrated the synthetic utility of Cu-catalyed EAA with dialkylzinc reagents toward 
the enantioselective total synthesis of (R)-(‒)-sporochnol 2.9 through only two steps 
starting from readily accessible trisubstituted allylic phosphate 2.7, as presented in 
Scheme 2.1. This synthesis also describes that other functionalized organozinc reagents 
can be applied to afford selective quaternary stereogenic centers (91:9 er, 82% overall).  
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 In an extension of the above method, we reported Cu-catalyzed EAA for an 
expanded scope of di- and trisubstituted allylic phosphates with various dialkylzinc 
reagents and proposed a mechanistic working model.2b Reactions are promoted by 10 
mol % of a salicyl-based dipeptide chiral ligand 2.10 and 5 mol % (CuOTf)2•C6H6, 
affording all-carbon quaternary stereogenic centers with >98% SN2’ regioselectivity and 
either similar or higher levels of enantioselectivity (91:9‒96:4 er), compared to EAA with 
pyridyl-based peptide ligands (e.g., 89:11 er of 2.2 with pyridyl-derived ligand 2.3 in 
Scheme 2.1 vs 96:4 er of ent-2.2 with salicyl-based ligand 2.10 in Scheme 2.2).  
Highly enantioselective reactions of aliphatic olefins, a synthetically useful 
category of alkylations, have been proved elusive. With salicyl-based peptide ligand, 
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however, diene 2.11 and enyne 2.12 are obtained in high enantioselectivities (91:9 er and 
95.5:4.5 er, respectively) with 87% and 77% yields after purification. Thus, we 
demonstrated that the facile modularity of peptide ligands could be utilized for the 
enhancement of the efficiency and selectivities of Cu-catalyzed EAA reactions. As shown 
in Scheme 2.2, a plausible transition state model to account for the origin of the observed 
selectivities was proposed through extensive screening of peptide ligands. 
 
In subsequent reports, we described that salicyl-based ligands can also efficiently 
promote alkylations of trisubstituted -unsaturated esters with various alkylzinc 
reagents, generating high enantiomeric purity products bearing carboxylic esters and 
terminal olefins, which can be further functionalized, in up to >98:<2 er.2d As the data 
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represented in Scheme 2.3 indicate, alkylations are not limited to ethyl addition. 
Sterically hindered secondary alkylzinc (i-Pr2Zn) and functional group-containing zinc 
reagent ((AcO(CH2)4)2Zn) can be used for efficient EAA to obtain the desired SN2’ 
products, although isopropyl addition is less enantioselective (73:27 er for 2.17 vs 
88.5:11.5 to >98:<2 er for 2.14‒2.16). Amino acid-based ligands, however, did not 
promote efficiently enantioselective additions of trisubstituted allylic olefins with 
phenylzinc reagents (low conversions (<30%) and enantioselectivities).  
 
 In addition to design and development of amino acid-based ligands, research in 
our laboratories has resulted in the development of various classes of chiral N-heterocycle 
carbene ligands and applied the ligands for enantioselective C‒C bond forming reactions 
including Ru-catalyzed enantioselective ring-closing/cross metathesis reactions9 and Cu-
catalyzed alkylations with alkylmetal reagents.10 We disclosed the synthesis, structure, 
and catalytic activity of chiral bidentate binaphtholic-containing NHC-Ag(I) complex 1 
(Scheme 2.4), which can be known as a precursor for transmetalation with transition 
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metals.17 The NHC-Ag(I) complex 1 in the presence of Cu salt generates Cu-1 in situ, 
which can catalyze efficient Cu-catalyzed EAA of dialkylzincs for the formation of 
tertiary and quaternary stereogenic centers in up to 98.5:1.5 er.2c To gain insight to the 
identity of the active catalyst, NHC-Ag(I) 1 was treated with CuCl2•2H2O in CH2Cl2 and 
THF to afford air stable dimeric NHC-Cu(II) complex Cu-1, which was characterized by 
X-ray crystallography. It appeared that alkylations with isolated NHC-Cu(II) complex are 
as efficient and selective as those with in situ-generated NHC-Cu complex.  
N N
 
                                                 
(17)  Carrison, J. C.; Youngs, W. J. Chem. Rev. 2005, 105, 3978‒4008. 
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As illustrated in Scheme 2.5, reactions carried out with aryl and aliphatic 
trisubstituted allylic phosphates with Et2Zn in the presence of 1‒2.5 mol % NHC-Ag(I) 
complex 1 and (CuOTf)2•C6H6 or CuCl2•2H2O, affording ent-2.2, 2.20, and 2.11 with 
high enantiomeric purity (95.5:4.5‒98:2 er) and  >98% regioselectivity.                
 
In the following year, we demonstrated the design and synthesis of a new 
generation of chiral bidentate NHC ligand such as NHC-Ag(I) 2 that can be more readily 
prepared (compared to lengthy synthesis of enantiomerically pure nobin moieties for 
NHC-Ag(I) 1).2e In addition to dimeric NHC-Ag(I) 2 obtained from the reaction of 
imidazolinium salt I-2 with Ag2O, NHC-Cu(II) complex Cu-2 was isolated and studied 
by X-ray structure (Scheme 2.4). As depicted in Scheme 2.4, 1 mol % of isolated Cu-2 
complex can be employed directly to catalyze alkylation of 2.18 with Et2Zn, resulting in 
high activity and selectivity (99:1 er, >98% SN2’, 91% yield). Alkylations with in situ- 
generated NHC-Cu complex derived from trasmetalation of NHC-Ag 2 also give rise to 
efficient and selective formation of all-carbon quaternary stereogenic centers. The data 
summarized in Scheme 2.5 indicate that bidentate NHC complex 2 provides products 
with higher activity and enantioselectivity than NHC complex 1 in Cu-catalyzed 
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enantioselective alkylations with dialkylzinc reagents. For example, only 0.5 mol % 
NHC-Ag 2 and 1 mol % CuCl2•2H2O are required for the reaction of 2.1 with Et2Zn, 
affording the desired product 2.2 with 98.5:1.5 er (vs 2.5 mol % NHC 1, 95.5:4.5 er, 
Scheme 2.5). In addition, sterically demanding i-Pr2Zn can be used in efficient and highly 
enantioselective alkylation in the presence of 1 mol % NHC 2 (99:1 er, 98% SN2’, 74% 
yield). It should be noted that Cu-catalyzed EAA reactions of trisubstituted allylic 
phosphates promoted by NHC ligands are significantly more efficient and 
enantioselective than those obtained with amino-based ligands (0.5‒2 mol % vs 10 mol % 
catalyst loading required with peptide ligands, 98.5:1.5 er of 2.2 with NHC 2 vs 
89:11‒96:4 er of 2.2 with peptide ligands 2.3 and 2.10 in Schemes 2.1 and 2.2). 
 We also developed a new method for the synthesis of enantiomerically enriched 
allylsilanes through Cu-catalyzed EAA with dialkylzinc as well as diarylzinc reagents.2f 
In this study, we introduced the utility and unique attributes of a new type of NHC ligand, 
NHC-sulfonate 3, for the formation of redundant quaternary stereogenic centers. As 
shown in Scheme 2.6, transformations with dialkylzinc reagents such as Et2Zn, 
[(CH3)2CH(CH2)3]2Zn, and i-Pr2Zn are promoted by 2.5 mol % of NHC 1 or NHC 2 and 
2.5 mol % (CuOTf)2•C6H6 and afford  the desired products 2.23, 2.24, and 2.25 in high 
enantioselectivity (95.5:4.5‒96:4 er) with 75‒87% yields. In addition to alkylation of Si-
substituted olefins involving dialkylzinc reagents, we demonstrated the first catalytic 
EAA that utilizes diarylzinc reagents. Reaction of 2.22 with Ph2Zn in the presence of 1 
mol % of NHC-Ag(I) complex 2 at ‒15 °C for 24 h proceeds to complete conversion with 
>98:<2 SN2:SN2, but in low enantioselectivity (78.5:21.5 er). When sulfonate-bearing 
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NHC-Ag(I) complex 3 was used, enantioselectivity was enhanced to 83.5:16.5 er. At 
‒78 °C, with 1 mol % NHC 3 for 24 h, the SN2’ product 2.26 can be obtained in higher 
enantioselectivity (92.5:7.5 er) with >98% SN2’ and 72% yield.  Cu-catalyzed EAA 
involving electron-donating (p-OMeC6H4)2Zn is less efficient; at ‒78 °C, the product 
2.27 was obtained in 95:5 er, but with only 30% conversion. To achieve complete 
conversion, temperature was raised to ‒15 °C at the cost of lower enantioselectivity 
(88:12 er, Scheme 2.6). 
  
 Investigations mentioned above illustrate the significance of the availability of a 
diverse set of amino acid-based ligands and chiral NHC ligands for catalytic 
enantioselective C‒C bond formations of difficult-to-access quaternary stereogenic 
centers. Dialkyl- as well as diarylzinc reagents have been utilized in efficient and highly 
enantioselective alkylations in the presence of Cu catalyst, but these reagents are 
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expensive and difficult to synthesize. With Grignard reagents, we may achieve more 
practical EAAs and introduce a wide range of alkyl or aryl moieties into quaternary 
stereogenic centers. In contrast to the synthesis of all-carbon quaternary stereogenic 
centers involving organozinc reagents, however, Cu-catalyzed EAAs involving Grignard 
reagents have been underdeveloped, although the formation of tertiary stereogenic 
centers are studied intensively;1 one example was reported by Hong and coworkers. The 
authors described the synthesis of chiral bisisoquinoline-based NHC-Cu complexes and 
application the ligands to Cu-catalyzed EAA of di- and trisubstituted allylic pivaloates 
bearing an aryl moiety with Grignard reagents.5a In that paper, they showed a single 
instance of the generation of an all-carbon quaternary stereogenic center 2.29. As 
depicted in Scheme 2.7, the reaction of 2.28 with 1.5 equivalents of EtMgCl in the 
presence of 3 mol % NHC-Cu complex 2.30 proceeds to >98% conversion, affording the 
desired SN2’ product 2.29 in 88:12 er and 85:15 SN2’:SN2 with 91% yield.  Alexakis and 
coworkers also investigated Cu-catalyzed EAA of a -methylcinnamyl chloride with 
EtMgBr.5b The reaction is promoted by 1.1 mol % of a chiral phosphoramidite and CuTC 
to proceed to >98% conversion, but with low enantioselectivity (67.5:32.5 er) and 
moderate regioselectivity (77:23 SN2’:SN2). 
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Herein, we describe efficient and practical methods for Cu-catalyzed EAAs with 
Grignard reagents and organoaluminum reagents promoted by chiral NHC-Cu complex, 
affording all-carbon quaternary stereogenic centers with high enantiomeric purity. 
 
2.3 Cu-Catalyzed Enantioselective Allylic Alkylations with Alkyl 
Grignard Reagents 
2.3.1  Identification of an Optimal Cu salt and NHC-Ag(I) complex 
 We began by examining the ability of in situ-generated bidentate NHC-Cu 
complexes, previously developed in our laboratories,2,10 to promote allylic alkylation of 
-chloro-,-unsaturated esters for synthesis of all-carbon quaternary stereogenic centers. 
The data in entry 2 of Table 2.1 indicate that chiral bidentate NHC-Cu complexes, 
obtained from the reaction of 0.5 mol % Ag-based NHC 2 with 0.5 mol % CuCl2•2H2O,18 
are effective in catalyzing the alkylation of allylic chloride 2.31a with i-PrMgCl, 
affording the desired product 2.32a in 73:27 SN2’:SN2 and 98:2 er within 30 min. In 
                                                 
(18) A ratio of 2:1 NHC ligand:Cu salt is the most efficient condition; the reaction of 2.31a with i-PrMgCl 
in the presence of 2.5 mol % NHC-Ag(I) 2 and 5 mol % CuCl2•2H2O (1:1 ratio) affords the desired product 
2.32a with 22:78 SN2’:SN2 and 76:24 er, possibly due to the NHC-Cu complex decomposing and free Cu 
salt giving rise to the racemic and SN2 products.  
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contrast, NHC complex 1 containing a binaphthol-based aryloxide group and NHC-Ag 3 
bearing a sulfonate group provide the SN2’ product 2.32a with low regio- and 
enantioselectivities (35:65 and 53:47 SN2’:SN2, 66.5:33.5 er and 65.5:34.5 er, 
respectively, entries 1 and 3). As the findings in entries 4‒6 of Table 2.1 illustrate, we 
examined various Cu salts (Cu(OTf)2, CuCl, and (CuOTf)2•C6H6) to explore whether the 
regio- and enantioselectivities in EAA with i-PrMgCl could be further enhanced; these 
Cu salts, however, result in diminished regioselectivity (34:66‒60:40 SN2’:SN2) and 
similar levels of enantiomeric purity for SN2’ products (93:7‒97.5:2.5 er). Finally, we 
could obtain better regioselectivity (86:14 SN2’:SN2, entry 7) from the Cu-catalyzed EAA 
of methyl ester-containing allylic chloride 2.31b, compared to that of tert-butyl ester-
containing 2.31a (73:27 SN2’:SN2, entry 2) under the same conditions.  
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2.3.2  Cu-Catalyzed EAAs with Various Grignard Reagents Promoted by a Chiral 
Bidentate NHC-Cu Complex 
Enantioselective allylic alkylation reactions promoted by the NHC-Cu complex 
can be performed with a range of trisubstituted allylic chlorides and secondary alkyl 
Grignard reagents to generate enantiomerically enriched all-carbon quaternary 
stereogenic centers 2.32‒2.40, as shown in Table 2.2. Alkylations of 2.31b‒d with 
isopropyl magnesium chloride in the presence of 0.5 mol % NHC-Ag(I) complex 2 and 
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0.5 mol % CuCl2•2H2O proceed to complete conversion within 30 min, leading to 
74:26‒86:14 regioselectivity with up to >99:1 er and 52‒81 % yields of pure SN2’ 
products (entries 1‒3).  Cyclohexyl additions to trisubstituted olefins 2.31b‒2.31d under 
identical conditions also efficiently afford SN2’ products in moderate to high 
regioselectivity (68:32‒88:12 SN2’:SN2) and high enantioselectivity (97:3 to >99:1 er, 
entries 4‒6) with 64‒88% yields. When c-pentMgCl, however, is subjected to 2.31b 
(entry 7), Cu-catalyzed EAA is significantly less regioselective (43:57 SN2’:SN2) as well 
as less enantioselective (95:5 er) than that with i-PrMgCl or c-hexMgCl (86:14 and 88:12 
SN2’:SN2, 97.5:2.5 and 97:3 er, respectively, entries 1 and 4). Reactions of allylic 
chlorides bearing longer alkyl groups, such as ethyl (2.31c) and n-butyl (2.31d) 
substituents (vs methyl (2.31b) group), with c-pentMgCl afford the desired products with 
slightly higher enantiomeric purity of 97:3 er and 98:2 er, respectively, but still with low 
regioselectivities (48:52 SN2’:SN2 and 31:69 SN2’:SN2), which give rise to low yields of 
SN2’ products (42% and 29% yield, entries 8 and 9). As the data summarized in entries 
7‒9 in Table 2.2 indicate, controlling regioselectivity of cyclopentyl addition to 
trisubstituted olefins is a shortcoming of Cu-catalyzed alkylation promoted by chiral 
bidentate NHC complex 2. Thus, it was necessary to develop a different type of NHC 
ligand that could improve regioselectivity, the results of which are addressed in the 
following sections. It should be noted that Cu-catalyzed reactions of longer alkyl 
substituted olefins 2.31c and 2.31d with secondary alkyl Mg-based reagents generally 
proceed with higher enantioselectivity than those of methyl substituted olefin 2.31b, 
although with slightly lower regioselectivity. 
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2.3.3  Cu-Catalyzed EAAs with Cyclopentyl Grignard Reagent 
In addition to chiral bidentate NHC-Cu catalysts, research in our laboratories has 
led to the development of a variety of chiral monodentate NHC copper complexes, which 
are effective for catalytic enantioselective conjugate additions of aryl- and alkenylsilyl 
reagents to cyclic enones.19 In the transformations involving aryl- and alkenylsilane, 
monodentate NHC-Cu complexes showed unique activity in promoting conjugate 
addition, affording the desired products with 73.5:26.5‒98.5:1.5 er and 63‒97% yield. 
Therefore, we turned our attention to application of chiral monodentate NHC-Cu 
complexes in alkylations of c-pentMgCl to trisubstituted allylic chlorides to explore 
whether regioselectivity can be enhanced. As depicted in entry 1 of Table 2.3, reaction of 
2.31b in the presence of 1 mol % monodentate NHC-Ag(I) 4 and 0.5 mol % CuCl2•2H2O 
                                                 
(19) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462.    
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results in higher regioselectivity of 2.38 than that of bidentate NHC-Ag(I) 2 (71:29 
SN2’:SN2 vs 43:57 SN2’:SN2 in entry 7 of Table 2.2); enantioselectivity, however, is 
decreased (90:10 er vs 95:5 er). The use of a more sterically demanding NHC copper 
complex derived from NHC-Ag(I) complex 5, bearing a diethylphenyl moiety (vs a 
trimethylphenyl unit in NHC 4), affords the SN2’ product 2.38 with improved regio- 
(85:15 SN2’:SN2) and enantioselectivity (95:5 er, entry 2). The more sterically hindered 
triisopropyl-containing NHC-Ag(I) complex 6 is, however, detrimental to selectivities 
(16:84 SN2’:SN2, 52:48 er, entry 3). On the basis of those results, we selected chiral 
monodentate NHC-Ag(I) complex 5 as an optimal NHC-Cu precursor. 
 
 2.3.4  Cu-Catalyzed EAAs Promoted by a Chiral Monodentate NHC-Cu Complex 
 Cu-catalyzed EAA reactions of trisubstituted allylic chlorides 2.31b‒d with 
secondary alkyl Grignard reagents can be catalyzed efficiently by a chiral monodentate 
NHC-Cu complex derived from the reaction of 1 mol % NHC-Ag(I) complex 5 with 0.5 
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mol % CuCl2•2H2O. The corresponding SN2’ products 2.32‒2.40 were obtained with 
higher regioselectivity (79:21‒92:8 SN2’:SN2) and slightly lower or similar levels of 
enantioselectivity (up to 98.5:1.5 er, Table 2.4), compared to results with bidentate NHC 
complex 2 (Table 2.2). For example, reaction of 2.31c with c-hexMgCl in the presence of 
1 mol % NHC 5 and 0.5 mol % CuCl2•2H2O delivers 2.36 in 91:9 SN2’:SN2 and 98.5:1.5 
er (in entry 5 of Table 2.4, vs 81:19 SN2’:SN2, 98:2 er, 78% yield with NHC 2 in entry 5 
of Table 2.2). Additions of cyclopentylMgCl to 2.31c‒d with monodentate NHC-Ag(I) 
complex 5 are more enantioselective (98.5:1.5 er) as well as significantly more 
regioselective (84:16 and 79:21 SN2’:SN2, entries 8‒9 in Table 2.4) than those with 
bidentate NHC complex 2 (48:52 and 31:69 SN2’:SN2, 97:3 er and 98:2 er, respectively, 
entries 8‒9 in Table 2.2). In transformations involving isopropylmagnesium chloride, 
however, a chiral bidentate NHC complex 2 results in higher enantioselectivity without 
significant diminution in regioselectivity than monodentate NHC 5 (e.g., 2.32b with 
NHC 2: 86:14 SN2’:SN2 and 97.5:2.5 er in entry 1 of Table 2.2 vs 2.32b with NHC 5: 
84:16 SN2’:SN2 and 90.5:9.5 er in entry 1 of Table 2.4).  
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It should be noted that Cu-catalyzed alkylations promoted by monodentate NHC 
ligand generally give rise to high regioselectivity. It might be because the two classes of 
NHC ligands (monodentate vs bidentate) have different transition states in the regio-
determining step (mentioned later in detail). Although regioselectivity of cyclopentyl 
additions is enhanced by the use of chiral monodentate NHC complex 5, there is a 
limitation to be addressed: isolated yields of pure SN2’ product are low due to the 
generation of non-negligible amount of byproduct 2.41; this is true only for reactions 
with c-pentMgCl as shown in eq (2.1). In order to understand a possible pathway of the 
unexpected product 2.41, we carried out Cu-catalyzed alkylations of 2.31b with c-
pentMgCl in the presence of a different ratio of NHC-Ag(I) complex 5 and CuCl2•2H2O 
(eq 2.2).   
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To obtain high regio- and enantioselectivity, an excess amount of NHC-Ag(I) 
complex 5 compared to Cu salt (2:1 ratio) is used. When the reaction, however, was 
promoted by an NHC-Cu complex prepared in situ from an 1:1 mixture of 1 mol % NHC-
Ag(I) complex 5 and 1 mol % CuCl2•2H2O, a reduced amount of byproduct 2.41 was 
obtained (<10% vs 25% of 2.41 from a 2:1 mixture of NHC 5 and CuCl2•2H2O), but with 
significantly decreased regio- and enantioselectivity (11:89 SN2’:SN2 and 65:35 er). We 
hypothesized that an excess amount of NHC-Ag(I) complex 5 might catalyze a metal-
halogen exchange to afford allylicmagnesium chloride 2.42, which undergoes catalyzed 
or uncatalyzed allylation to trisubstituted allylic chloride 2.31b, furnishing the dimeric 
diene 2.41, as illustrated in Scheme 2.8.  
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To minimize the presence of Ag salts, which might catalyze the adventitious reaction, we 
synthesized and isolated NHC-Cu(I) complex Cu-5 from treatment of NHC-Ag(I) 
complex 5 with CuCl.20 As shown in Table 2.5, cyclopentyl additions to various allylic 
chlorides 2.31b‒d in the presence of isolated NHC-Cu(I) complex Cu-5 result in the 
reduced generation of the undesired product 2.41 (4‒6%), but, regio- and 
enantioselectivity are diminished (43:57‒70:30 SN2’:SN2, 90.5:9.5‒97.5:2.5 er), 
compared to results with the in situ-generated NHC-Cu complex presented in entries 7‒9 
of Table 2.4 (79:21‒85:15 SN2’:SN2, 95:5‒98.5:1.5 er).  
                                                 
(20) The corresponding NHC-Cu(II) complex obtained from reaction of NHC-Ag(I) 5 with CuCl2•2H2O, 
which is used to prepare the in situ-generated NHC-Cu complex for EAA, is unstable and is not isolable.  
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2.3.5  Comparison of Cu-Catalyzed EAAs of Grignard Reagents with Cu-Free EAAs 
In the previous chapter (section 1.3), we described Cu-free catalytic EAA 
processes of Grignard reagents to -chloro--unsaturated esters, as summarized in 
Table 2.6.8 The highly regio- and enantioselectivities are observed; however, to employ 
this strategy in a practical enantioselective synthesis, there are several shortcomings to be 
addressed with respect to a reaction time, a catalyst loading and the generation of a 
byproduct. We have solved these issues by using an NHC-Cu catalyst for an efficient and 
practical EAA of -chloro--unsaturated esters. Herein, we compared these Cu-
catalyzed results with our previous studies regarding Cu-free enantioselective allylic 
alkylation processes of Grignard reagents in Table 2.6. Several points are noteworthy as a 
comparison of the data in Tables 2.2 and 2.4 for Cu-catalyzed transformations with the 
data in Table 2.6 for Cu-free processes: (1) Alkylations promoted by NHC-Cu complexes 
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are more efficient; only 0.5 mol % catalyst is required to achieve complete conversion (vs 
5‒10 mol % catalyst loading for NHC-Mg catalyzed EAA). (2) Cu-catalyzed reactions 
are complete within 30 min (vs 24‒60 h, Table 2.6). Thus, cyclopropanes 2.43, generated 
by competitive uncatalyed reaction due to the slow rate of Cu-free process, are not 
obtained in Cu-catalyzed reactions (<2% 2.43). (3) The data summarized in entries 1‒6 of 
Table 2.2 and entries 2‒6 of Table 2.4 illustrate that Cu-catalyzed EAA with i-PrMgCl 
and c-hexMgCl is as enantioselective as Cu-free protocols, resulting in similar levels of 
enantioselectivities (95.5:4.5‒>99:<1 er vs 97:3‒99:1 er, entries 1‒6 of Table 2.6). In 
addition, with the monodentate NHC-Cu complex, similar levels of regioselectivity can 
be obtained (80:20‒92:8 SN2’:SN2 in entries 2‒6 of Table 2.4 vs 90:10‒93:7 SN2’:SN2 in 
entries 1‒6 of Table 2.6). (4) In some cases, Cu-catalyzed processes are more 
enantioselective. For example, Cu-free EAAs of trisubstituted allylic chlorides 
2.31b‒2.31d with cyclopentylmagnesium chloride afford the SN2’ products 2.38‒2.40 in 
87.5:12.5‒95:5 er (entries 7‒9 of Table 2.6). With a monodentate NHC copper catalyst, 
however, we are able to improve enantioselectivities of 2.38‒2.40 (95:5‒98.5:1.5 er, 
entries 7‒9 of Table 2.4). (5) The availability of NHC ligands is limited in Cu-free 
alkylation; monodentate ligands such as NHC-Ag(I) complex 4 does not promote alkyl 
addition (<2% allylic substitution). Thus, we demonstrated more efficient and selective 
methods to afford enantiomerically enriched quaternary stereogenic centers through Cu-
catalyzed EAA with secondary alkyl Grignard reagents. 
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2.3.6  Cu-Catalyzed EAAs with Primary Alkyl Grignard Reagents 
Subsequently, the corresponding transformations involving primary alkyl 
Grignard reagents, such as n-BuMgCl and EtMgCl, were investigated. First, we 
examined the ability of chiral bidentate NHC ligands to catalyze alkylations of 
trisubstituted allylic chloride 2.31a selectively. As illustrated in entry 1 in Table 2.7, 
reaction of 2.31a with n-BuMgCl in the presence of the binaphthol-based NHC copper 
complex derived from 0.5 mol % of NHC-Ag(I) complex 1 and 0.5 mol % CuCl2•2H2O 
proceeds to >98% conversion within 30 min, affording the SN2’ product 2.44 with 74:26 
regioselectivity, but in only 52.5:47.5 er. When NHC 2 is used instead, regio- and 
enantioselectivity are enhanced (90:10 SN2’:SN2, 81.5:18.5 er, entry 2). In order to 
improve enantioselectivity, we screened various chiral NHC-Cu complexes including 
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bidentate and monodentate NHCs, representative examples of which are as shown in 
entries 2‒5 of Table 2.7. The best enantiomeric purity is obtained with the use of chiral 
monodentate NHC complex 5 in 84.5:15.5 er (entry 5). 21  It should be noted that, 
compared to secondary alkyl addition, the identity of the NHC ligand does not have a 
significant effect on regioselectivity; all transformations with n-BuMgCl provide 
appreciable regioselectivity (73:26‒90:10 SN2’:SN2). In addition, alkylation of EtMgCl 
was carried out with chiral NHC-Cu complexes. All efforts to establish conditions for 
improvement of enantioselectivity proved unsuccessful (77:23‒81:19 er, entries 6‒8 in 
Table 2.7), although the reaction is highly regioselective (91:9‒95:5 SN2’:SN2). 
a
b c
d
a b
c
d  
The outcome of transformations represented in Tables 2.2, 2.4, and 2.7 indicate 
that more sterically demanding alkyl Grignard reagents (secondary alkyl vs primary 
                                                 
(21) Cu-catalyzed EAA of allylic chloride 2.31b bearing methyl ester unit (vs tert-butyl ester 2.31a) under 
the same conditions presented in entry 5 of Table 2.7 proceeds to the desired SN2’ product in lower 
enantioselectivity (77.5:22.5 er) with 90:10 SN2’:SN2.  
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alkyl) in Cu-catalyzed EAA promoted by chiral NHC ligands afford products containing 
all-carbon quaternary stereogenic centers with higher enantiomeric purity. Thus, in the 
presence of NHC-Cu complexes, enantioselective primary alkyl group additions to 
trisubstituted allylic substrates are a challenging class of reactions. It is necessary to 
design and develop more effective NHC-Cu catalysts. In addition to Cu-catalyzed EAA 
reactions involving alkyl Grignard reagents, we have also investigated the corresponding 
transformations with aryl Grignard reagents for the formation of aryl-containing all-
carbon quaternary stereogenic centers, important building blocks in natural and 
pharmaceutical molecules, but for which Cu-catalyzed EAA is underdeveloped.22 As the 
representative example in eq 2.3 shows, under the conditions depicted in Table 2.7, chiral 
NHC-Cu complexes obtained from bidnetate NHC-Ag(I) 2 or monodentate NHC-Ag(I) 
complex 5 do not promote arylations of 2.31a with PhMgCl (<2% 2.46; complex mixture 
of products obtained). Thus, the C‒C bond forming process with aryl Grignard reagents 
is another shortcoming to be addressed.  
 
 
 
                                                 
(22) There has been one report of Cu-catalyzed allylic arylation of disubstituted allylic bromides with aryl 
Grignard reagents in the presence of a chiral NHC ligand. See: Selim, K. B.; Matsumoto, Y.; Yamada, K.-
i.; Tomioka, K. Angew. Chem., Int. Ed. 2009, 48, 8733‒8735. 
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2.4. Cu-Catalyzed Enantioselective Allylic Substitutions with Alkyl, 
Aryl, and Heterocyclic Aluminum Reagents 
2.4.1  Cu-Catalyzed EAAs of Trialkylaluminum Reagents 
We next turned our attention toward developing Cu-catalyzed allylic alkylation 
with trialkylaluminum reagents to solve the shortcoming presented by primary alkyl 
Grignard reagents, reactions that undergo the desired SN2’ product with only moderate 
enantioselectivity (up to 84.5:15.5 er, Table 2.7). Compared to Grignard reagents, 
trialkylaluminum reagents are less atom-economical; two alkyl groups are not transferred. 
Trialkylaluminum reagents such as Me3Al, Et3Al, and i-Bu3Al, however, are 
commercially available, tolerant to various functional groups, and less expensive than 
Zn-based reagents (Et2Zn and Me2Zn), which have been utilized in Cu-catalyzed EAA 
for the generation of quaternary stereogenic centers with high enantioselectivity.2 Thus, 
we attempted to carry out EAA of trisubstituted allylic chloride 2.31a with Et3Al 
promoted by 1.0 mol % of the NHC-Cu complex obtained from chiral bidentate NHC-
Ag(I) complex 2, the optimal ligand for Grignard reagent additions, and CuCl2•2H2O; the 
reaction, however, proceeds to only 31% conversion after 24 hours, affording the racemic 
SN2’ product 2.45, as shown in eq 2.4. To explore whether a different leaving group of 
the substrate could improve reactivity and selectivity, we prepared allylic phosphate 2.47. 
As illustrated in eq 2.5, reaction of 2.47 under the same conditions presented in eq 2.4 
undergoes a similar level of reactivity (29% conv), but with an improved 60:40 er. It 
should be noted that Cu-catalyzed EAA with Et3Al in eqs 2.4‒2.5 proceed without any 
detectable amount of achiral SN2 product.      
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Since the nature of aluminum-based alkylating reagents is different from that of 
Grignard reagents, we examined the ability of different types of chiral NHC complexes to 
promote efficient and selective alkylations with trialkylaluminum reagents. As the data 
represented in entries 1‒4 of Table 2.8 demonstrate, 1 mol % of NHC-Cu complexes 
bearing a sulfonate group derived from transmetalation of NHC-Ag(I) complex 3 or 7 
with CuCl2•2H2O catalyze alkylations of allylic phosphate 2.47 with complete conversion 
in high enantioselectivities (92:8 and 93:7 er, respectively, entries 2 and 4) and with 
>98% SN2’ selectivity. In contrast, reaction with chiral monodentate NHC complex 4 
proceeds to 55% conversion, affording the racemic SN2’ product with reduced 
regioselectivity (69:31 SN2’:SN2, entry 3). i-Bu3Al can also be used under identical 
conditions to those shown in entry 4 of Table 2.8 to afford enantiomerically enriched 
product 2.48 in 93:7 er and >98% regioselectivity with 80% yield (entry 5).  Two 
additional points are worthy of note: (1) Unlike Cu-catalyzed EAA reactions involving 
alkyl Grignard reagents, the sulfonate-based NHC complex is more effective in 
promoting the reaction with trialkylaluminum reagents. (2) Alkylations of primary 
alkylaluminum reagents are more regio- and enantioselective, compared to those of 
Grignard reagents; for example, Cu-catalyzed reaction of allylic chloride 2.31a (instead 
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of phosphate) with i-BuMgCl in the presence of NHC complex 2 delivers the desired 
product 2.48 in racemic form with 70:30 regioselectivity (vs 93:7 er and >98:<2 SN2’:SN2 
for alkylation with i-Bu3Al, entry 5). 
 
a
b d
e
b c
a b
c d
e  
2.4.2  Identification of Dialkylarylaluminum Reagents and Chiral NHC Complexes  
Subsequently, we investigated the corresponding transformations involving 
arylaluminum reagents to generate aryl-containing all-carbon quaternary stereogenic 
centers. We considered several methods to prepare a variety of arylaluminum reagents as 
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only Ph3Al reagent is commercially available (Scheme 2.9). Gau and co-workers 23 
reported Ti-catalyzed enantioselective aryl additions to aldehydes with Ar3Al(THF),24 
which were prepared by treatment of three equivalents of an aryl Grignard reagent with 
AlCl3 as illustrated in eq 2.6 of Scheme 2.9. The use of triarylaluminum reagents, 
however, would not be atom-economical.  An alternative approach (eq 2.7 in Scheme 
2.9) to introduce a wide range of arylmetal reagents is to treat with readily accessible 
aryllithium or aryl Grignard reagents with one equivalent of commercially available and 
inexpensive dialkylaluminum halides, such as Me2AlCl, Et2AlCl, and i-Bu2AlCl, 
affording the corresponding dialkylarylaluminum reagents. As illustrated in eq 2.8, 
arylboronic acids also can be used for aryl transfer from boron to triethylaluminum to 
form arylaluminum reagents.14b Recently, we has developed a protocol for efficient Cu-
catalyzed enantioselective conjugate additions to trisubstituted enones with a variety of 
dimethylarylaluminum reagents and found that only the aryl group is transferred.14a Thus, 
we set out to investigate the application of readily accessible dialkylarylaluminum 
reagents as arylating agents in enantioselective allylic alkylations of trisubstituted allylic 
substrates. 
                                                 
(23) (a)Wu, K.-H.; Gau, H.-M. J. Am. Chem. Soc. 2006, 128, 14808‒14809. (b) Chen, C.-A.; Wu, K.-H.; 
Gau, H.-M. Angew. Chem., Int. Ed. 2007, 46, 5373‒5376. 
(24) Srini, V.; De Mel, J.; Oliver, J. P. Organometallics 1989, 8, 827‒830. 
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First, we examined the identification of effective dialkyl phenyl-Al reagents. The 
requisite aluminum reagents are prepared from the reaction of commercially available 
phenyl lithium with one equivalent of commercially available dialkylaluminum chlorides 
in pentane (‒78 °C to 22 °C, 12 h) and the solution of in situ-generated phenylaluminum 
reagent, containing precipitated LiCl, can be used directly without any filtration or 
purification. As illustrated by the data summarized in Table 2.9, Et2AlPh proved to be a 
better arylating source than Me2AlPh or i-Bu2AlPh; reaction with Et2AlPh leads to >98% 
phenyl addition product 2.46 with >98:<2 SN2’:SN2 and 90.5:9.5 er in the presence of 0.5 
mol % NHC 3, bearing a sulfonate group (entry 2). When Me2AlPh or i-Bu2AlPh, 
however, are used in reactions, alkyl addition products are observed (12% of 2.50a and 
10% of 2.50c, entries 1 and 3) and enantioselectivities are diminished (73:27 er and 88:12 
er vs 90.5:9.5 er in entries 1‒3).  
In order to improve enantioselectivity, we screened a different type of NHC 
ligands. Chiral bidentate biphenol-containing NHC 2 is less enantioselective than NHC 3 
that bears a sulfonate group (86:14 er vs 90.5:9.5 er, entry 4 vs entry 2). As shown in 
entry 5 of Table 2.9, the reaction catalyzed by the monodentate NHC-Cu complex, 
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derived from reaction of NHC 4 with CuCl2•2H2O, proceeds to >98% conversion, 
affording the SN2’ product 2.46 with significantly detrimental enantioselectivity (58:42 
er) along with 17% of the achiral SN2 product. With modified sulfonte-containing NHC 7 
complex, which is the optimal catalyst in EAA with alkylaluminum reagents (Table 2.8), 
a similar level of enantioselectivity is obtained (87.5:12.5 er, entry 6). The findings 
illustrated in Table 2.9 are consistent with the fact that transfer of a sp2-hybridized carbon 
based-aryl group on dialkylarylaluminum reagent is more facile than that of a sp3-
hybridized carbon based-alkyl group.25 
a
b c
2
b
b
a b
c
 
                                                 
(25) (a) Rudolph, J.; Rasmussen, T.; Bolm, C.; Norrby, P.-O. Angew. Chem., Int. Ed. 2003, 42, 3002‒3005. 
(b) Rudolph, J.; Bolm, C.; Norrby, P.-O. J. Am. Chem. Soc. 2005, 127, 1548‒1552. (c) Cahiez, G.; Foulgoc, 
L.; Moyeux, A. Angew. Chem., Int. Ed. 2009, 48, 2969‒2972. (d) see: ref (6b), (6c). 
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We also studied the effect of LiCl, which is slightly soluble in Bu2O, to explore 
whether LiCl is detrimental to enantioselectivity. When one additional equivalent of LiCl 
was added to the reaction under the identical condition depicted in entry 2 of Table 2.9, 
enantioselectivity was significantly diminished (70:30 er, >98% 2.46, >98% conv); the 
addition of 5 equivalents of LiCl afforded the desired product 2.46 with 60.5:39.5 er. To 
minimize the amount of LiCl in a solution of aluminum reagents, we examined an 
additive that might act as a chelating agent for LiCl, which might otherwise interact with 
the ligand or other reagents, thereby leading to diminished enantioselectivity. It has been 
reported that TMEDA can be used as an inhibitor of LiCl in catalytic enantioselective 
alkylations of aldehydes. 26  As shown in eq 2.9, however, in the presence of one 
equivalent of TMEDA, arylation with Et2AlPh is sluggish, proceeding to 29% conversion 
after 20 hours with diminished enantioselectivity (77.5:22.5 er vs 90.5:9.5 er in entry 2 of 
Table 2.9). This effect might be because TMEDA interacts with azaphilic copper to 
interfere with the catalytic enantioselective aryl addition. Our efforts to improve 
enantioselectivity further in EAA of 2.47 with phenylaluminum reagents have thus far 
proven unsuccessful.  
                                                 
(26) (a) Hoffman, D.; Dorigo, A.; von Ragué Schleyer, P.; Reif, H.; Stalke, D.; Sheldrick, G. M.; Weiss, E.; 
Geissler, M. Inorg. Chem. 1995, 34, 262‒269. (b) Kim, J. G.; Walsh, P. J. Angew.Chem., Int. Ed. 2006, 45, 
4175‒4178. 
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2.4.3  Cu-Catalyzed EAAs with Various Arylaluminum Reagents 
A range of trisubstituted allylic phosphates and arylaluminum reagents, which 
bear electron-donating and electron-withdrawing groups at the para position of the aryl 
ring, can be used in Cu-catalyzed allylic arylation reactions (Table 2.10); >98% 
conversion is obtained in 0.25‒3 h in the presence of 1.0‒2.0 mol % of an NHC-Cu 
complex. The requisite aryllithiums (only phenyllithium is commercially available) can 
be conveniently prepared from the halogen/Li exchange of commercially available aryl 
bromides with one equivalent of n-BuLi in THF at ‒78 °C for 1 h. As illustrated in entry 
2 of Table 2.10, reaction of ester-containing allylic phosphate 2.51 with 3 equivalents of 
Et2AlPh in the presence of 0.5 mol % NHC 3 and 1 mol % CuCl2•2H2O proceeds to 
>98% conversion within 3 h, generating quaternary stereogenic centers 2.53 in 91.5:8.5 
er and >98:<2 SN2’:SN2 with 96% yield of SN2’ product.  
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The reaction of 2.47 with sterically demanding arylaluminum reagents, such as 
that bear ortho-methyl on the aryl group, is efficient to furnish the SN2’ product 2.54 with 
74% yield after purification, but in only 69.5:30.5 er (entry 3). An electron-rich 
arylaluminum reagent, as shown in entry 4, delivers the same level of enantioselectivity 
(90.5:9.5 er), compared to phenyl addition (91:9 er, entry 1 in Table 2.10). When 
Et2Al(p-CF3C6H4) is subjected to allylic phosphate 2.47, phenoxy-containing NHC-Cu 
complex, obtained from reaction of NHC 2 and CuCl2•2H2O, proved to be the optimal 
catalyst, affording the aryl addition product 2.56 in moderate enantioselectivity (83:17 er) 
with 88% isolated yield (entry 5). Next, we investigated whether NHC-Cu complexes can 
promote aryl additions to the more sterically congested Si-substituted allylic phosphate 
2.52 for efficient synthesis of Si-substituted quaternary stereogenic centers. The data 
represented in entries 6‒7 of Table 2.10 indicate that reactions of 2.52 with phenyl and p-
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methoxy phenyl aluminum reagents catalyzed by NHC 3 complex and CuCl2•2H2O under 
the same conditions give rise to high efficiency (>98% conv, <2% ethyl addition) and 
high regio- and enantioselectivity (>98% SN2’, up to 97:3 er) with 81‒97% yield of SN2’ 
products. It should be noted that Cu-catalyzed EAA reactions of Si-substituted allylic 
phosphate 2.52 with arylaluminum reagents are more efficient and enantioselective, 
compared to those transformations involving diarylzinc reagents, which have been 
reported in our laboratories in 2007.2f For example, reaction of trisubstituted olefin 2.52 
with (p-MeOC6H4)2Zn required 2.5 mol % NHC 3 and 2.5 mol % (CuOTf)2•C6H6 for 
complete conversion at ‒15 °C within 24 h (vs with aryl-Al reagents, 1 mol % NHC 3 at 
‒30 °C for 3 h required for >98% conv, entry 7), affording the desired product 2.58 with 
88:12 er (vs 97:3 er in entry 7); at ‒78 °C, high enantioselectivity (95:5 er) with arylzincs 
is obtained, but with only 30% conversion after 48 h.  
 
It is noteworthy that, as depicted in eq 2.10, even sterically congested quaternary 
stereogenic centers such as 2.60, containing two aryl groups, can be synthesized 
efficiently and selectively through catalytic EAA with arylaluminum reagents promoted 
by an NHC-Cu catalyst. 
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2.4.4 Cu-Catalyzed EAAs with 2-Furyl- and 2-Thiophenylaluminum Reagents 
In addition to Cu-catalyzed EAA involving arylaluminum reagents, we are 
interested in developing catalytic enantioselective additions of furyl and thiophenyl 
groups15,16 to trisubstituted allylic phosphates. It has been reported that 2-furylaluminum 
reagents can be used in Ti-mediated enantioselective 1,2-additions to ketones, affording 
the tertiary alcohols with up to 96.5:3.5 er and 94% yield.15 Furyl- or thiophenyl-
containing molecules are useful intermediates, but catalytic enantioselective reactions 
involving metal-based heterocyclic reagents have not been extensively studied. Thus, we 
set out to synthesize enantiomerically enriched heterocyclic moieties through the Cu-
catalyzed EAA with Al-based reagents promoted by chiral NHCs. The requisite furyl (or 
thiophenyl) aluminum reagents can be readily prepared in situ from a transmetalation of 
Et2AlCl with 2-furyl (or 2-thiophenyl) lithium, which is generated from treatment of 
furan (or thiophene) with one equivalent of n-butyl lithium (THF, ‒78 °C to 0 °C, 1 h).  
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Cu Cu-catalyzed enantioselective allylic alkylations of 2-furyl- and 2-
thiophenylaluminum reagents can be carried out with a variety of trisubstituted allylic 
phosphates including a tert-butyl ester, Si-substituent, or different aryl units; >98% 
conversion is obtained in 1 h in the presence of 1‒3 mol % NHC-Cu complex (Table 
2.11). In all transformations, only the desired SN2’ products are observed with 86‒98% 
yields after purification (<2% SN2 products and <2% ethyl addition products). As 
illustrated in entry 1 of Table 2.11, with 0.5 mol % of sterically demanding NHC-Ag(I) 
complex 8 and 1 mol % CuCl2•2H2O, Cu-catalyzed EAA of 2.47 with in situ-generated 
Et2Al(2-furyl) proceeds to complete conversion within one hour, affording the furyl 
adduct 2.65 in high enantioselectivity (99:1 er) with 90% yield. Reaction of Si-substituted 
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allylic phosphate 2.52 with the 2-furyl-Al reagent is efficient, albeit with moderate 
enantioselectivity for the formation of 2.66 (86.5:13.5 er, entry 2). Transformations of 
aryl substituted allylic phosphates bearing sterically demanding aryl groups (entries 4‒6), 
electron-withdrawing aryl units (entries 4 and 7) or an unsubstituted phenyl group (entry 
3) can be catalyzed by 1‒2 mol % NHC-Cu complex, leading to the furyl addition 
products in 98:2‒99.5:0.5 er within one hour. The data summarized in entries 8‒10 of 
Table 2.11 illustrate that thiophenyl additions to trisubstituted olefins proceed efficiently 
and selectively, but less enantioselectively than those with 2-furylaluminum reagents 
(e.g., 94:6 er in entry 10 vs 98.5:1.5 er in entry 7). In only one instance is a longer 
reaction time required for complete conversion (12 h for reaction of 2.59 in entry 9 vs 1 
h). 
 
2.5 Mechanistic Insight into Cu-Catalyzed EAA Reactions with 
Organometallic Reagents 
 Cu-catalyzed allylic alkylation reactions with alkylmetal reagents have been 
developed and emerged as an important method for the formation of C‒C bonds; but a 
main challenge has been the control of regioselectivity to achieve highly selective SN2’ 
substitution. A number of mechanistic studies including, those directed towards 
explaining regio- and stereoselectivity of allylic substitution, have been investigated. A 
general mechanism for allylic substitution with organometallic reagents was proposed as 
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illustrated in Figure 2.1.27 The leaving group can be displaced in an SN2’ or SN2 mode by 
organocopper reagents, generated from the transmetalation of a Cu salt with 
organometallic reagents such as RLi, R2Zn, or RMgX. Complexation of alkylcopper 
reagents with the π-system of the olefin gives complex A; oxidative addition then leads to 
the cleavage of leaving group (LG) and the formation of -allyl Cu(III) complex B. If a 
fast reductive elimination takes place from complex B, the chiral SN2’ product is obtained. 
Otherwise, -allyl Cu(III) intermediate B can isomerize to π-allyl Cu(III) intermediate C, 
which subsequently proceeds to an achiral SN2 product through rearrangement to primary 
-allyl Cu(III) intermediate D, followed by reductive elimination. Based on this 
mechanism, the ligands on the alkylcopper can play an important role for the 
regiochemical outcome of the reaction; for example, an electron-withdrawing ligand, 
such as a cyano group on copper, will facilitate the rate of the reductive elimination of -
allyl Cu(III) intermediate B, affording the SN2’ product predominantly. 
                                                 
(27) (a) Goering, H. L.; Kantner, S. S. J. Org. Chem. 1981, 46, 2144‒2148. (b) Tseng, C. C.; Paisley, S. D.; 
Goering, H. L. J. Org. Chem. 1986, 51, 2884‒2891. 
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2.5.1  - and π-Allyl Copper(III) Intermediates in Allylic Alkylation Reactions 
As mentioned in the above mechanism (Figure 2.1), allyl copper(III) species in 
allylic substitution with organocopper(I) reagents have been proposed as key 
intermediates. Although allyl copper(III) species from the allylic alkylation reactions 
have not been isolated, there is much spectroscopic as well as experimental evidence for 
their existence.28   
Recently, Ogle, Bertz, and coworkers reported the first example of preparation 
and characterization of - and π-allyl copper(III) complexes in SN2’ and SN2 reactions 
through rapid injection NMR spectroscopy (RI-NMR).28a The prototype 
                                                 
(28) For studies regarding Cu(III) intermediates from allylic substitution, see:  (a) Bartholomew, E. R.; 
Bertz, S. H.; Cope, S.; Murphy, M.; Ogle, C. A. J. Am. Chem. Soc. 2008, 130, 11244‒11245. For examples 
of Cu(III) intermediates from conjugate addition, see: (b) Bertz, S. H.; Cope, S.; Murphy, M.; Ogle, C. A.; 
Taylor, B. J. J. Am. Chem. Soc. 2007, 129, 7208‒7209. (c) Hu, H.; Snyder, J. P. J. Am. Chem. Soc. 2007, 
129, 7210‒7211. For neutral Cu (III) complexes, see: (d) Bartholomew, E. R.; Bertz, S. H.; Cope, S.; 
Dorton, D. C.; Murphy, M.; Ogle, C. A. Chem. Commun. 2008, 1176‒1177. For computational evidence of 
Cu(III) intermediates, see: (e) Dorigo, A. E.; Wanner, J.; von Ragué Schleyer, P. Angew. Chem. Int. Ed. 
Engl., 1995, 34, 476‒478.      
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(πallyl)dimethyl copper(III) complex was prepared by injection of allyl chloride in 
THF-d8 into a solution of iodo-Gilman reagent Me2CuLi•LiI, spinning in the probe of an 
NMR spectrometer at ‒100 °C (eq 2.11). When allyl chloride was subjected to 
Me2CuLi•LiI/PBu3, lithium (allyl)trimethyl cuprate(III) complex was observed in 
>90% conversion. Through the analysis of two bond 13C‒13C coupling constants 2J, they 
confirmed the generation of  and πallyl copper(III) intermediates. 

In 2001, Bäckvall and coworkers showed experimental evidence supporting 
allylic substitution through an allyl copper(III) intermediate.29 As illustrated in Scheme 
2.10, it is assumed if the reaction of an allylic substrate with diallyl cuprate proceeds via 
a triallyl copper(III) intermediate (path I), a 1:2 ratio of homo-coupled and cross-coupled 
product would be expected. The homo-coupled product, however, is not obtained in the 
pathway of a direct displacement (path II), which provides only cross-coupled product.  
                                                 
(29) Karlström, A. S. E.; Bäckvall, J.-E. Chem. –Eur. J. 2001, 7, 1981‒1989. 
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Based on the above hypothesis, they carried out the allylic substitution reaction of 
allylic acetate 2.75 with diallyl cuprate(I) 2.76, generated in situ from the treatment of 
CuBr2•SMe2 with allylic magnesium chloride (Scheme 2.11). As the data in Scheme 2.11 
indicate, the formation of a mixture of cross-coupled and homo-coupled products rules 
out a direct displacement pathway and supports a Cu(III) intermediate pathway (path I). 
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2.5.2  Studies Dealing with the Control of Regioselectivity in Cu-Catalyzed Allylic 
Alkylation Reaction  
The control of regioselectivity for efficient Cu-catalyzed alkylation reactions with 
alkylmetal reagents has been of intense interest over the past decade. 30  Recently, 
Nakamura and coworkers reported theoretical studies explaining the origin of regio- and 
stereoselectivity in Cu-catalyzed allylic substitution with organocopper reagents such as 
monoalkyl heterocuprate MeCu(CN)Li and dialkyl homocuprate Me2CuLi, which exhibit 
different regioselectivity.31 For example, both cuprates, in the reaction of a substituted 
cyclohexenyl acetate, give rise to the anti-diastereomer; however, reaction with Me2CuLi 
exhibits no regioselectivity, whereas reaction with MeCu(CN)Li is highly -selective (eq 
2.12).32  
 
In 1984, Corey and coworkers suggested a rationale for the observed anti-
stereochemistry in allylic substitutions by invoking stereoelectronic effects between the 
Cu 3d orbital, olefin π* and C‒X * orbitals of the leaving group of substrate.33 As 
shown in Figure 2.2, the diffused d orbital on Cu leads to a bidentate orbital interaction 
                                                 
(30) For studies regarding regioselectivity in Cu-catalyzed allylic alkylations with Grignard reagents, see: 
Bäckvall, J.-E.; Sellén, M.; Grant, B. J. Am. Chem. Soc. 1990, 112, 6615‒6621. 
(31) Yoshikai, N.; Zhang, S.-L.; Nakamura, E. J. Am. Chem. Soc. 2008, 130, 12862‒12863. 
(32) Goering, H. L.; Kantner, S. S. J. Org. Chem. 1984, 49, 442‒426.  
(33) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1984, 25, 3063‒3066. 
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with the π* orbital at the -carbon of the olefin and the antibonding * orbital at the -
carbon in the transition state of allylic substitution, affording the SN2’ product with anti-
selectivity. 
 
Guided by this hypothesis, Nakamura and coworkers theoretically studied the 
contrasting regioselectivities between the homocuprate and heterocuprate reaction. DFT 
calculations for the model reaction of allyl acetate with heterocuprate MeCu(CN)Li, as 
shown in Scheme 2.12, indicate that allyl acetate coordinates with the cuprate, forming 
complexes CPMC or CPCM through the  interaction of the d orbital on copper with the π* 
of the olefin. Two pathways are possible in the complexation step due to different 
orientations of the Me and CN group. After oxidative addition, allyl copper(III) 
complexes PDMC and PDCM are formed. The calculation reveals that TSMC is favored 
over TSCM, leading predominantly to the -product. 
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Molecular orbital analysis of the copper and allyl acetate would explain the reason 
for the lower energy of TSMC than that of TSCM. The HOMO of MeCu(CN)Li cuprate, 
consisting of an out-of-phase interaction of the Cu 3dxz orbital and ligand 2p orbitals,34 
and the LUMO of substrate were examined for the reaction in Scheme 2.12. The Cu 3dxz 
orbital is desymmetrized due to different -donor ability of ligands. Since the methyl 
group is the stronger donor ligand, the Cu d orbital on the side of the Me group is 
significantly larger than that on the side of CN group as pictured in Figure 2.3(a). The π* 
orbital on the  carbon in the LUMO of allyl acetate has a greater orbital contribution. 
Thus, MeCu(CN)Li has a better HOMO/LUMO interaction in TSMC than TSCM. 
                                                 
(34) Mori, S. Nakamura, E. Tetrahedron Lett. 1999, 40, 5319‒5322. 
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After oxidative addition via TSMC, the allyl copper(III) intermediate is formed as 
an enyl [+π] copper(III) complex PDMC (Scheme 2.12), which is more energetically 
favorable than -allyl copper(III) species for the reductive elimination leading to C‒C 
bond formation. In addition, in the PDMC, the methyl group on copper and the sp3 carbon 
on the allyl group are cis to each other, facilitating reductive elimination.35 Therefore, it 
has been proposed that -selectivity in allylic substitution with a heterocuprate is 
determined in the initial oxidative addition step, dictated by stereoelectronic effects.  
2.5.3  Mechanistic Aspects of Cu-Catalyzed EAAs with Grignard Reagents 
Promoted by NHC Complexes 
Guided by the above-mentioned mechanistic studies, we propose a mechanistic 
model for a catalytic cycle in the Cu-catalyzed allylic alkylation with organometallic 
reagents promoted by NHC ligands, explaining the formation of the major regioisomer 
                                                 
(35) Yamanaka, M.; Kato, S.; Nakamura, E. J. Am. Chem. Soc. 2004, 126, 6287‒6293. 
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and enantiomer.  As illustrated in Figure 2.4, alkyl cuprate(I) I bound to a chiral bidentate 
NHC ligand is generated in situ through the transmetalation of dimeric NHC-Ag(I) 
complex 2 with CuCl2•2H2O to form a dimeric NHC-Cu(II) complex Cu-2. 36  The 
reduction37 of NHC-Cu(II) complex Cu-2 forms alkyl cuprate(I) NHC complex I along 
with the generation of alkyl radical, which might combine each other. Alkyl cuprate 
complex I, a monomeric and tetrahedral in configuration, may represent the resting state 
of the chiral complex.38 
 
A proposed catalytic cycle for Cu-catalyzed EAA of Grignard reagents is 
presented in Figure 2.5. N-Heterocyclic carbene cuprate complex I coordinates to allylic 
chloride 2.31b through the maximum orbital interaction between the d orbital on Cu and 
π* orbital of the alkene. Cu complex II may then undergo oxidative addition to cleave the 
leaving group (chloride) and provides [+π] allyl copper(III) intermediate III, where the 
                                                 
(36) This Cu(II) dimeric structure was confirmed by X-ray crystallography. See: ref (2e). 
(37) (a) Feringa, B. L.; Naasz, R.; Imbos, R.; Arnold, L. A. In Modern Organocopper Chemistry; Krause, 
N., Ed.; Wiley-VCH: Weinheim, 2002; p.1‒44. (b) Van Koten, G.; Noltes, J. G. J. Organomet. Chem. 1975, 
84, 419‒429. (c) Goj, L. A.; Blue, E. D.; Delp, S. A.; Gunnoe, T. B.; Cundari, T. R.; Petersen, J. L. 
Organometallics 2006, 25, 4097‒4104. 
(38) For an example of tetrahedral geometry in a phosphine-based alkylcopper(I) complex, see: (a) Coan, P. 
S.; Folting, K.; Huffman, J. C; Caulton, K. G. Organometallics 1989, 8, 2724‒2728.  For a crystal structure 
of a bidentate NHC-Zn(II) alkyl complex (monomeric and tetrahedral geometry), see: (b) ref (11). 
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isopropyl group on Cu and sp3 carbon on the allylic group are cis to each other. The 
reductive elimination takes place at the -carbon preferably to afford the SN2’ product as 
major through olefin complex VI; addition of alkylmetal to Cu regenerates species I. The 
reductive elimination might be facilitated by the sterically demanding NHC ligand and 
electron-withdrawing biphenoxy moiety on Cu. If the rate of reductive elimination is 
slow, however, isomerization may occur to reach -allyl copper(III) intermediate V on 
the -carbon position via the π-allyl copper(III) intermediate IV leading to the undesired 
SN2 product. 
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Based on the molecular orbital analysis of the allyl acetate and MeCu(CN)Li 
(Figure 2.3(a)), accounting for the origin of regioselectivity in allylic substitution,31 we 
believe that π-complexation and oxidative addition are significantly important steps in 
accounting for the high degrees of enantioselectivity observed in NHC-promoted Cu-
catalyzed EAA with organometallic reagents. In the case of transformations involving 
alkyl Grignard reagents with chiral bidentate NHC 2, we propose that the Cu d orbital is 
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also desymmetrized because of the different electron donor ability of the alkyl group 
(stronger) and biphenoxy group of the NHC (weaker) to the Cu atom. Thus the Cu d 
orbital lobe on the side of the alkyl group has a larger coefficient HOMO than that of the 
aryloxide of the NHC ligand and coordinates with the alkene π* orbital on the -carbon 
of the ester-containing allylic chloride 2.31b, which bears larger coefficient than the -
carbon in LUMO energy (complex VII, Figure 2.6). Several plausible transition state 
models to allow for the SN2’ product are presented in Figure 2.6.  The most accessible 
mode of coordination of allylic chloride 2.31b to the tetrahedral Cu(I) complex I is 
represented in TS-1 where the larger methyl group (vs CO2Me) on the -carbon and the 
CHCl substituent (vs H) on the -carbon point away from the bulk of the chiral complex, 
giving rise to the observed enantiomer. In contrast, the approach of substrate in TS-2 
delivers the opposite enantiomer and is less favored as a result of steric interactions 
between the methyl substituent on the allylic chloride and the N-aryl moiety on the NHC 
ligand. As the data summarized in Table 2.2 indicate, the fact that longer alkyl 
substituents on the -carbon of allylic chloride such as ethyl and n-butyl (vs methyl) 
group result in higher enantioselectivity supports the hypothesis that TS-2 is less favored 
than TS-1. It is plausible that substrate is coordinated on the front-left side of chiral Cu(I) 
complex I as in TS-3 and TS-4. The orientation of these associations in TS-3 and TS-4, 
however, is energetically unfavorable due to a steric interaction between the substrate and 
the sterically demanding NHC ligand.  
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We also propose mechanistic models to account for the major enantiomer and 
regioisomer from the Cu-catalyzed EAA with alkyl Grignard reagents promoted by a 
chiral monodentate NHC ligand (Figure 2.7). In 2004, Sadighi and coworkers reported 
the synthesis and structure of an achiral monodentate NHC copper(I) methyl complex, 
which is a monomeric, two-coordinate linear configuration. 39  On the basis of this 
structure, we propose that π-complexation between the Cu d orbital and the alkene 
consists of a trigonal planar configuration such as TS-5 or TS-6 in Figure 2.7, which 
show maximum orbital overlapping of the π* orbital on the α-carbon of the alkene with d 
orbital lobe on the side of the alkyl group of alkyl Cu(I) NHC complex. The mode of the 
coordination in TS-6 represents minimum steric interaction between allylic chloride and 
sterically hindered NHC ligand, which leads to the major enantiomer. Cu-catalyzed EAA 
                                                 
(39) Mankad, N. P.; Gray, T. G.; Laitar, D. S.; Sadighi, J. P. Organometallics 2004, 23, 1191‒1193. 
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reactions of secondary alkyl Grignard reagents in the presence of monodentate NHC 
complex 5 result in higher regioselectivity than results obtained with bidentate NHC 
complex 2 (Table 2.4 vs Table 2.2). We reasoned that the neutral alkylcopper(I) complex 
bound to monodentate NHC ligand might be less likely to undergo oxidative addition 
than alkylcuprate(I) complex I due to lower nucleophilicity.40 Thus, the direct addition of 
the alkyl group on the copper occurs, forming a new C‒C bond and a Cu‒C bond that 
would subsequently eliminate in Int-1. Stereoelectronic effects that stabilize the  orbital 
of Cu‒Cβ bond through interaction with the * orbital of the C‒Cl bond would result in 
the observed regioselectivity. 
 
2.5.4  Mechanistic Aspects of Cu-catalyzed EAAs with Organoaluminum Reagents 
Promoted by an NHC-Sulfonate Complex 
In contrast to Cu-catalyzed EAA reactions of Grignard reagents performed in the 
presence of bidentate NHC ligand 2 bearing a biphenoxy group or monodentate NHC 
ligand 4 or 5, sulfonate-containing NHC ligands are far more efficient and 
enantioselective for reactions of alkyl, aryl, and heterocyclic aluminum reagents (see 
                                                 
(40) Feringa, B. L.; Naasz, R.; Imbos, R.; Arnold, L. A. In Modern Organocopper Chemistry; Krause, N., 
Ed.; Wiley-VCH: Weinheim, 2002; Chapter 10. 
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Tables 2.8 and 2.9).41 This may be due to the structurally different orientation of the 
NHC-sulfonate ligand on Cu and its possible bifunctional role for the reactions with less 
nucleophilic Al-based reagents (vs Grignard reagents). In Chapter 1, we showed the 
structure of a sulfonate-containing bidentate NHC-Zn complex by X-ray crystallography 
where the aryl sulfonate is oriented syn to the adjacent Ph moiety on the NHC backbone, 
as shown in Figure 2.8;11 the phenoxy group in NHC 2 is oriented anti to the adjacent 
phenyl group such as represented NHC-Cu(I) complex I in Figure 2.4.  The NHC-Zn 
structure 2.79 in Figure 2.8 indicates that the aryl sulfonate coordinates to the Zn metal 
and its chelation causes a tilting of the N-aryl sulfonate unit and a pseudoequatorially 
sulfonate oxygen, which can be an additional Lewis basic site. 
 
On the basis of the structure of the sulfonate containing NHC-Zn(II) complex 
2.79, transition state models for π-complexation between the NHC-Cu complex and 
allylic phosphate 2.47 are proposed in Figure 2.9. As pictured in TS-7 and TS-8, we 
propose that the pseudoequatorially disposed sulfonate oxygen on the NHC-Cu(I) 
complex coordinates with the Lewis acidic aluminum salt, which can chelate with Lewis 
                                                 
(41) Reaction of 2.31a with Et2AlPh in the presence of 0.5 mol % NHC-Ag(I) complex 2 and 1 mol % 
CuCl2•2H2O at ‒30 °C proceeds to only 13% conversion in 15 min. In contrast, reaction with 0.5 mol % 
NHC-Ag(I) complex 3 under the same conditions proceeds to complete conversion after 15 min.  
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basic phosphate oxygen on the substrate, allowing for facile delivery of the nucleophilic 
alkylcuprate complex to the electrophile. We assume that this chelating effect causes 
organization for π-complexation between the NHC-Cu complex and the allylic phosphate 
through the Lewis acidity of the aluminum salt, facilitating EAA with organoaluminum 
reagents. The lower effectiveness of NHC 2 may be explained because Lewis basic 
oxygen on the phenoxy-containing NHC 2 is more proximal to the NHC-bound copper 
center. As a result of different positioning of the Lewis basic directing group shown in 
TS-9, compared to that in NHC-sulfonate 3, the olefin π* of the allylic phosphate is not 
properly aligned with copper d orbital for maximum orbital overlap.  
The mode of addition in TS-7 is sterically unfavorable as a result of interaction 
between the tert-butyl group on the substrate and aryl moiety on the NHC ligand. Thus, 
coordination such as TS-8 is dominant to deliver the observed enantiomer.  
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2.6 Conclusions 
We have described catalytic enantioselective allylic alkylations of -chloro-,-
unsaturated esters with alkyl Grignard reagents, catalyzed by chiral NHC-Cu complexes 
to afford difficult-to-access all-carbon quaternary stereogenic centers. Dialkylzinc 
reagents have previously been utilized in Cu-catalyzed EAA of trisubstituted allylic 
phosphates for the synthesis of quaternary stereogenic centers. Alkylzinc reagents are 
mild and tolerant to a variety of functional groups, but are difficult to synthesize and not 
atom economical as one alkyl group is not transferred. Herein we report more practical 
alkylation methods involving Grignard reagents, which are easily prepared, user-friendly, 
atom-economical, and less expensive. Additions of secondary alkyl magnesium chlorides 
such as i-PrMgCl, c-hexMgCl, and c-pentMgCl to allylic chlorides proceed to the desired 
SN2’ products with high enantioselectivity. In allylic alkylations with Grignard reagents, 
the control of regioselectivity has been challenged. The use of a chiral monodentate 
NHC-Cu complex allows for the better regioselectivity (79:21‒92:8 SN2’:SN2) than that 
of bidentate NHC-Cu complexes (31:69‒88:12 SN2’:SN2). In this chapter, we 
demonstrate that Cu-catalyzed EAA reactions are more efficient and selective than 
previous results from Cu-free EAA reactions. Although we have demonstrated efficient 
and highly enantioselective EAA with secondary alkyl magnesium chlorides, alkylations 
of Grignard reagents have shortcomings to be addressed: primary alkyl magnesium 
chlorides deliver moderate enantioselectivity and aryl magnesium chlorides do not afford 
the desired SN2’ products.  
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To solve the problem of Cu-catalyzed EAA with primary and aryl Grignard 
reagents, we set out to develop Cu-catalyzed EAA involving organoaluminum reagents as 
nucleophiles. Organoaluminum reagents are less expensive than dialkylzinc reagents and 
aryl and heterocyclic aluminum reagents can be easily prepared from transmetalation of 
readily accessible aryl or heterocyclic lithium reagents with commercially available and 
inexpensive Et2AlCl. The requisite Al-reagents are used without further isolation or 
purification. This method provides access to a wide range of aryl or heterocyclic 
nucleophiles. Thus, we have detailed practical Cu-catalyzed EAA reactions of various 
allylic phosphates with aryl, furyl, and thiophenyl Al-reagents to give rise to sterically 
congested quaternary stereogenic centers with high selectivities (>98% SN2’, >98% aryl, 
2-furyl, and 2-thiophenyl addition products, 69.5:30.5‒97:3 er for aryl additions and 
86.5:13.5‒99.5:0.5 er for furyl and thiophenyl additions). The corresponding reactions 
can be promoted by 1‒3 mol % of sulfonate-bearing NHC-Cu complex.  
We provide proposals for mechanistic models accounting for the identity of major 
enantiomers and regioisomers of Cu-catalyzed EAA with Grignard and organoaluminum 
reagents promoted by chiral NHC ligands. Maximum orbital interactions between a d 
orbital on the Cu of NHC complex and the π* of the alkene, as well as minimization of 
steric interaction between the bulk of NHC-Cu complex and allylic substrate are critical 
in stereochemistry-determining steps. We propose a plausible rationale for the unique 
attributes of sulfonate-containing NHC-Cu complex, which is structurally different from 
the phenoxy-containing NHC-Cu complex, in Cu-catalyzed EAA with aluminum-based 
reagents. 
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2.7 Experimentals 
Genenral. Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, max in cm-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported 
as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q 
= quartet, m = multiplet), and coupling constants (Hz). 13C NMR spectra were recorded 
on a Varian Unity INOVA 400 (100 MHz) spectrometer with complete proton 
decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the solvent 
resonance as the internal standard (CDCl3: 77.16 ppm). High-resolution mass 
spectrometry was performed on a Micromass LCT ESI-MS (positive mode) at the Mass 
Spectrometry Facility, Boston College. Elemental microanalyses were performed at 
Robertson Microlit Laboratories (Madison, NJ). Enantiomer ratios were determined by 
GLC analysis (Alltech Associated Chiral dex GTA column (30 m x 0.25 mm) and 
Betadex 120 column (30 m x 0.25 mm)) and HPLC analysis (high-performance liquid 
chromatography) with a Shimadzu chromatograph (Chiral Technologies Chiralcel OD 
(4.6 x 250 mm), Chiral Technologies Chiralcel OB-H (4.6 x 250 mm), Chiral 
Technologies Chiralcel OJ-H (4.6 x 250 mm), or Chiral Technologies Chiralpak AD-H 
(4.6 x 250 mm)) in comparison with authentic racemic materials. Optical rotations were 
measured on a Rudolph Research Analytical Autopol IV Polarimeter. 
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  Unless otherwise noted, all reactions were carried out with distilled and degassed 
solvents under an atmosphere of dry N2 in oven- (135 oC) or flame-dried glassware with 
standard dry box or vacuum-line techniques. Dichloromethane (Fisher Scientific) and 
pentane were purified by being passed through two alumina columns under a positive 
pressure of dry argon by a modified Innovative Technologies purification system. 
Tetrahydrofuran (Aldrich Chemical Co.) was purified by distillation from sodium 
benzophenone ketyl immediately prior to use unless otherwise specified.  All work-up 
and purification procedures were carried out with reagent grade solvents (purchased from 
Doe & Ingalls) under air.  
 
2.7.1  Reagents and Ligands 
9-Borabicyclo[3.3.1]nonane dimmer: prepared according to a previously reported 
procedure.42 
2-Bromoanisole: purchased from Aldrich Chemical Co. and purified by distillation over 
CaH2. 
4-Bromoanisole: purchased from Aldrich Chemical Co. and purified by distillation over 
CaH2. 
Bromobenzene: purchased from Aldrich Chemical Co. and purified by distillation over 
CaCl2. 
2-Bromotoluene: purchased from Aldrich Chemical Co. and purified by distillation over 
CaCl2. 
                                                 
(42) Soderquist, J. A.; Negron, A. Org. Syntheses 1992, 70, 169‒173. 
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1-Bromo-4-(trifluoromethyl)benzene: purchased from Aldrich Chemical Co. and 
purified by distillation over CaH2. 
(E)-tert-Butyl 4-chloro-2-methylbut-2-enoate (2.31a): prepared according to a 
previously reported procedure.43 
n-Butyllithium: purchased from Strem Chemicals Inc. (15% in haxanes) and titrated 
before use. 
1-Chlorobutane: purchased from Aldrich Chemical Co. and purified by distillation over 
MgSO4. 
Chlorocyclopentane: purchased from Aldrich Chemical Co. and purified by distillation 
over MgSO4. 
Chloroethane: purchased from Aldrich Chemical Co. and used as received. 
Cyclohexylchloride: purchased from Aldrich Chemical Co. and purified by distillation 
over MgSO4. 
2-Chloropentane: purchased from Aldrich Chemical Co. and purified by distillation 
over MgSO4. 
Copper(II) dichloride bishydrate: purchased from Aldrich Chemical Co. and used as 
received. 
Diethylaluminum chloride: purchased from Aldrich Chemical Co. and used as received. 
Diethylphenylaluminum: prepared according to a previously reported procedure.44 
Diisobutylaluminum chloride: purchased from Aldrich Chemical Co. and used as 
received. 
                                                 
(43) Stotter, P. L.; Hill, K. A. Tetrahedron Lett. 1975, 21, 1679‒1682.  
(44) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 7358‒7362. 
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Dimethylaluminum chloride: purchased from Aldrich Chemical Co. and used as 
received. 
1,4-Dioxane: purchased from Aldrich Chemical Co. and purified by distillation over 
LAH. 
Furan: purchased from Aldrich Chemical Co. and purified by distillation over sodium. 
Hydrogen peroxide (35% wt solution in water): purchased from Aldrich Chemical Co. 
and used as received. 
Monodentate NHC-Ag complexes 4-6: prepared according to a previously reported 
procedure.45 
NHC-Ag 1: prepared according to a previously reported procedure.46 
NHC-Ag 2: prepared according to a previously reported procedure.47 
NHC-Ag 3: prepared according to a previously reported procedure.48 
NHC-Ag 5: prepared according to a previously reported procedure.45 
NHC-Ag 7: prepared according to a previously reported procedure.49 
NHC-Ag 8: prepared according to a previously reported procedure.50 
NHC-Cu 5: prepared according to a previously reported procedure.45 
Phenyllithium: purchased from Acros Organics (2.0 M in Bu2O) and titrated before use. 
                                                 
(45) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462.  
(46) Larsen, A. O.; Leu, W.; Nieto-Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 
126, 11130–11131. 
(47) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. 
(48) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097–
1100. 
(49) Lee, Y.; Akiyama, K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 
446‒447. 
(50) Akiyama, K.; Gao, F.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2010, 49, 419‒423. 
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Thiophene: purchased from Aldrich Chemical Co. and purified by distillation over CaH2. 
TMEDA: purchased from Aldrich Chemical Co. and purified by distillation over CaH2. 
Triethylaluminum: purchased from Strem Chemicals Inc. and used as received. 
Triisobutylaluminum: purchased from Strem Chemicals Inc. and used as received. 
Trimethylaluminum: purchased from Aldrich Chemical Co. and used as received. 
NHC-Ag complex 5. mp = 177‒179 °C; IR (neat): 3033 (w), 2970 (w), 2872 (w), 1503 
(m), 1466 (m), 1451 (m), 1265 (m), 1217 (m), 1180 (m), 1055 (w), 1031 (w), 761 (m), 
731 (s), 697 (s), 666 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.63-7.55 (5H, m), 7.38-
7.36 (1H, m), 7.31-7.17 (7H, m), 7.16-7.10 (2H, m), 7.09-7.04 (2H, m), 7.02-6.93 (2H, 
m), 6.33 (2H, d, J = 7.2 Hz), 6.90 (1H, dd, J = 8.0, 1.6 Hz), 5.08 (1H, d, J = 10.0 Hz), 
5.07 (1H, d, J = 10.0 Hz), 2.90 (1H, td, J = 15.2, 7.6 Hz), 2.77 (1H, td, J = 15.2, 7.6 Hz), 
2.38 (1H, td, J = 14.8, 7.2 Hz), 1.81 (1H, td, J = 15.2, 7.6 Hz), 1.46 (3H, t, J = 7.6 Hz), 
0.92 (3H, t, J = 7.6 Hz); 13C NMR (CDCl3, 100 MHz): δ 204.9 (Ccarbene, J = 238.2, 17.0 
Hz), 143.1, 141.0, 139.8, 138.9, 137.6,137.2, 134.7, 133.9, 131.4, 130.9, 129.6, 129.5, 
129.4, 129.4, 129.3, 129.2, 129.1, 129.0, 128.8, 128.5, 128.2, 127.6, 127.0, 126.9, 77.4, 
72.8,, 24.8, 23.8, 15.4, 15.0; LRMS (ES+): Calcd for C37H34AgN2 [M‒Cl]: 613.17, 
Found: 613.1. Optical Rotation: []D20 –271.2 (c 1.00, CHCl3). 
NHC-Cu complex 5. IR (neat): 3033 (w), 2972 (w), 2873 (w), 1503 (w), 1463 (m), 1438 
(m), 1265 (m), 1217 (w), 763 (m), 731 (s), 697 (s) cm-1; 1H NMR (CDCl3, 400 MHz): δ 
7.64-7.57 (5H, m), 7.48-7.46 (1H, m), 7.28-7.12 (9H, m), 7.08-7.06 (2H, m), 7.02 (1H, d, 
J = 8.0 Hz), 7.00 (1H, d, J = 7.6 Hz), 6.91 (1H, dd, J = 7.6, 1.6 Hz), 6.37 (2H, d, J = 7.2 
Hz), 5.05 (1H, d, J = 9.6 Hz), 5.02 (1H, d, J = 9.6 Hz), 2.91 (1H, td, J = 14.4, 7.2 Hz), 
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2.78 (1H, td, J = 14.8, 7.6 Hz), 2.44 (1H, td, J = 15.2, 7.6 Hz), 1.84 (1H, td, J = 15.2, 7.6 
Hz), 1.48 (3H, t, J = 8.0 Hz), 0.96 (3H, t, J = 7.6 Hz); 13C NMR (CDCl3, 100 MHz): δ 
200.4, 142.9, 140.9, 139.8, 138.6, 137.6, 136.9, 134.3, 133.9, 131.1, 130.6, 129.4, 129.1, 
129.1, 129.1, 129.0, 128.9, 128.8, 128.7, 128.6, 128.3, 128.0, 127.4, 126.7, 126.7, 77.0, 
72.3, 24.8, 23.8, 15.4, 15.0; LRMS (ES+): Calcd for C37H34N2ClNaCu [M+Na]: 
627.1604, Found: 627.1624. Optical Rotation: []D20 –234.1 (c 1.95, CHCl3). 
 
2.7.2 Experimental Procedure and Characterization Data for Cu-Catalyzed EAA 
Reactions with Grignard Reagents 
 Representative experimental procedure for Cu-catalyzed EAAs of Grignard 
reagents to (E)-methyl 4-chloro-2-methylbut-2-enoate (2.31b): 
In an N2-filled glovebox, an oven-dried 13 x 100 mm test tube was charged with chiral 
NHC-Ag complex 2 (1.80 mg, 1.50 x 10-3 mmol), sealed with a rubber septum and 
parafilm. The vessel was removed from the glovebox. To the chiral NHC-Ag complex 2 
under an N2 atmosphere were added THF (1.0 mL) and a solution of CuCl2•2H2O in THF 
(0.01 M, 150 µL, 1.50 x 10-3 mmol) and the solution was allowed to stir for 30 min. 
Allylic chloride 2.31b (44.5 mg, 0.300 mmol) in THF (0.5 mL) was added to the solution, 
which was allowed to stir for 5 min before allowing to cool to ‒78 °C (dry ice/acetone 
bath). c-HexMgCl (1.59 M in THF, 283 µL, 0.450 mmol) was added dropwise over 3 
min. The mixture was allowed to stir at –78 °C for 30 min, after which the reaction was 
quenched through addition of a saturated aqueous solution of NH4Cl (0.5 mL). The 
aqueous layer was washed with Et2O (3 x 3 mL) and the organic layers were passed 
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through a short plug of MgSO4 and silica gel eluted with Et2O. The resulting solution was 
concentrated to provide colorless oil residue, which was purified by silica gel column 
chromatography (1:50 Et2O:pentane) to afford the desired SN2’ product 2.35 as colorless 
oil (51.8 mg, 0.264 mmol, 88% yield).  
(S)-tert-Butyl 2-isopropyl-2-methylbut-3-enoate (2.32a; This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz):  5.95 
(1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.09 (1H, dd, J = 10.8 1.2 Hz, CH=CHH), 5.03 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 2.12-2.05 (1H, m, CH(CH3)2), 1.41 (9H, s, 
C(CH3)3), 1.08 (3H, s, CH3),  0.83 (3H, d, J = 6.4 Hz, CH(CH3)2), 0.79 (3H, d, J = 7.2 
Hz, CH(CH3)2) ; 13C NMR (CDCl3, 100 MHz):  175.3, 141.8, 114.1, 80.3, 53.1, 34.7, 
28.1, 17.8, 17.4, 14.3. Optical Rotation: []D20 –23.2 (c 1.00, CHCl3) for an 
enantiomerically enriched sample of 98:2 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98:2 er shown; chiral dex GTA column, 10 psi, 40 °C).  
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(S)-Methyl 2-isopropyl-2-methylbut-3-enoate (2.32b: This compound has been 
previously reported and spectra data match those described).51 1H NMR (CDCl3, 400 
MHz): δ 6.00 (1H, dd, J =17.6, 10.8 Hz, CH=CH2), 5.15 (1H, dd, J = 10.8, 1.2 Hz, 
CH=CHH), 5.08 (1H, dd, J = 17.6, 1.2Hz, CH=CHH), 3.68 (3H, s, OCH3), 2.14 (1H, dd, 
J = 6.8, 6.8 Hz, CH(CH3)2), 1.17, (3H, s, CH3), 0.83 (3H, d, J = 6.8 Hz, CH(CH3)2), 0.82 
(3H, d, J = 6.8 Hz, CH(CH3)2); 13C NMR (CDCl3, 100 MHz): δ 176.6, 141.1, 114.6, 52.7, 
52.0, 34.9, 17.9, 17.4, 14.5. Optical Rotation: []D20 –26.8 (c 0.650, CHCl3) for an 
enantiomerically enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (97.5:2.5 er shown; Chiral dex GTA column, 10 psi, 35 °C). 
 
(S)-Methyl 2-ethyl-2-isopropylbut-3-enoate (2.33: This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 5.99 
(1H, dd, J =18.0, 11.2 Hz, CH=CH2), 5.27 (1H, dd, J = 11.2, 2.8 Hz, CH=CHH), 5.01 
(1H, dd, J = 18.0, 2.8 Hz, CH=CHH), 3.69 (3H, s, OCH3), 2.08-2.04 (1H, m, CH), 1.80-
1.66 (2H, m, CH2), 0.83-0.75 (9H, m, CH3 and (CH3)2CH); 13C NMR (CDCl3, 100 
                                                 
(51) Murphy, K. E.; Hoveyda, A. H. Org. Lett. 2005, 7, 1255‒1258.  
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MHz): δ 176.3, 135.5, 115.7, 57.2, 51.7, 35.3, 26.6, 19.0, 16.9, 9.7. Optical Rotation: 
[]D20 +6.01 (c 2.21, CHCl3) for an enantiomerically enriched sample of 93.5:6.5 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98.5:1.5 er shown; -dex column, 10 psi, 80 °C). 
 
(S)-Methyl 2-isopropyl-2-vinylhexanoate (2.34: This compound is reported in Chapter 
1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 6.00 (1H, dd, J 
= 18.0, 11.2 Hz, CH=CH2), 5.25 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 5.00 (1H, dd, J = 
18.0,1.2 Hz, CH=CHH), 3.68 (3H, s, OCH3), 2.07-2.04 (1H, m, CH), 1.69-1.61 (2H, m, 
CH2), 1.29-0.75 (13H, m, CH2CH2CH3 and CH(CH3)2); 13C NMR (CDCl3, 100 MHz): δ 
176.4, 135.9, 115.5, 56.5, 51.7, 35.5, 33.8, 27.3, 23.4, 19.0, 16.9, 14.1. Optical Rotation: 
[]D20 +3.57 (c 1.27, CHCl3) for an enantiomerically enriched sample of 98:2 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (>99:1 er shown; Chiral dex GTA column, 10 psi, 70 °C). 
Chapter 2, Page 208 
 
 
 
(R)-Methyl 2-cyclohexyl-2-methylbut-3-enoate (2.35: This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 5.98 
(1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.11 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.03 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.65 (3H, s, OCH3), 1.75-0.88 (14H, m, CH3 and 
CH(CH2)5); 13C NMR (CDCl3, 100 MHz): δ 176.6, 141.3, 114.4, 52.7, 52.0, 45.5, 28.3, 
27.6, 26.9, 26.9, 26.6, 15.3. Optical Rotation: []D20 –24.2 (c 1.00, CHCl3) for an 
enantiomerically enriched sample of 97:3 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (97:3 er shown; Chiral dex GTA column, 10 psi, 70 °C). 
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(R)-Methyl 2-cyclohexyl-2-ethylbut-3-enoate (2.36: This compound is reported in the 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 6.01 
(1H, dd, J = 18.0, 11.2 Hz, CH=CH2), 5.23 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 4.98 
(1H, dd, J = 18.0, 1.2 Hz, CH=CHH), 3.68 (3H, s, OCH3), 1.83-0.87 (13H, m, CH2CH3 
and CH(CH2)5), 0.77 (3H, t, J = 7.2 Hz, CH2CH3); 13C NMR (CDCl3, 100 MHz): δ 176.3, 
136.5, 115.2, 57.3, 51.7, 46.0, 29.3, 27.2, 27.1, 26.8, 26.7, 26.1, 9.6. Optical Rotation: 
[]D20 +20.6 (c 1.85, CHCl3) for an enantiomerically enriched sample of 98:2 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (98:2 er shown; Chiral dex GTA column, 10 psi, 90 °C). 
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(R)-Methyl 2-cyclohexyl-2-vinylhexanoate (2.37: This compound is reported in Chapter 
1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 6.02 (1H, dd, J 
= 18.0, 11.2 Hz, CH=CH2), 5.21 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 4.96 (1H, dd, J = 
18.0, 1.2 Hz, CH=CHH), 3.66 (3H, s, OCH3), 1.75-0.84 (20H, m, CH2CH2CH2CH3 and 
CH(CH2)5); 13C NMR (CDCl3, 100 MHz): δ 176.1, 136.8, 115.0, 56.6, 51.7, 46.2, 33.4, 
29.2, 27.3, 27.2, 27.1, 26.8, 26.7, 23.4, 14.1. Optical Rotation: []D20 +11.7 (c 1.02, 
CHCl3) for an enantiomerically enriched sample of 99:1 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (99:1 er shown; Chiral dex GTA column, 10 psi, 80 °C). 
 
(R)-Methyl 2-cyclopentyl-2-methylbut-3-enoate (2.38: This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 6.04 
(1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.11 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.03 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.65 (3H, s, OCH3), 2.30-2.25 (1H, m, CH), 1.59-
1.22 (11H, m, CH3 and (CH2)4); 13C NMR (CDCl3, 100 MHz): δ 176.6, 140.6, 114.2, 
52.0, 51.0, 47.3, 27.6, 27.4, 25.8, 25.8, 17.5. Optical Rotation: []D20 –20.7 (c 
1.00,CHCl3) for an enantiomerically enriched sample of 95:5 er. 
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Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95:5 er shown; Chiral dex GTA column, 10 psi, 70 °C). 
 
(R)-Methyl 2-cyclopentyl-2-ethylbut-3-enoate (2.39: This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 6.01 
(1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.24 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.03 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.68 (3H, s, OCH3), 2.26-2.21 (1H, m, CH), 1.74 
(2H, q, J = 7.6 Hz, CH2CH3), 1.61-1.20 (8H, m, (CH2)4), 0.79 (3H, t, J = 7.2 Hz, CH3); 
13C NMR (CDCl3, 100 MHz): δ 176.1, 136.6, 115.7, 55.6, 51.7, 47.0, 28.1, 27.8, 26.9, 
25.5, 25.3, 9.6. Optical Rotation: []D20  –0.30 (c 0.67, CHCl3) for an enantiomerically 
enriched sample of 97:3 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (97:3 er shown; Chiral dex GTA column, 10 psi, 80 °C). 
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(R)-Methyl 2-cyclopentyl-2-vinylhexanoate (2.40: This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (CDCl3, 400 MHz): δ 6.03 
(1H, dd, J = 17.6, 11.2 Hz, CH=CH2), 5.24 (1H, dd, J = 11.2, 1.2 Hz, CH=CHH), 5.03 
(1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 3.67 (3H, s, OCH3), 2.27-2.22 (1H, m, CH), 1.70-
1.04 (14H, m, CH2CH2CH2CH3 and CH(CH2)4), 0.86 (3H, t, J = 7.2 Hz, CH3); 13C NMR 
(CDCl3, 100 MHz): δ 176.3, 136.9, 115.5, 55.0, 51.8, 47.3, 35.0, 28.1, 27.2, 26.9, 25.5, 
25.3, 23.4, 14.1. Optical Rotation: []D20 –5.63 (c 1.00, CHCl3) for an enantiomerically 
enriched sample of 97.5:2.5 er.  
Enantiomeric purity was determined by chiral GLC analysis in comparison with authentic 
racemic material (98:2 er shown; -dex column, 10 psi, 90 oC). 
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(E)-Dimethyl 2,5-dimethyl-5-vinylhex-2-enedioate (2.41). IR (neat): 2952 (w), 1713 (s), 
1434 (m), 1233 (s), 1104 (s), 923 (m), 742 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.65 
(1H, td, J = 7.6, 1.2 Hz), 5.99 (1H, dd, J = 17.6, 10.8 Hz), 5.16 (1H, d, J = 10.8 Hz), 5.13 
(1H, d, J = 7.6 Hz), 3.71 (3H, s), 3.69 (3H, s), 2.61 (1H, dd, J = 15.2, 7.6 Hz), 2.49 (1H, 
dd, J = 15.2, 7.6 Hz), 1.84 (3H, s), 1.30 (3H, s); 13C NMR (100 MHz, CDCl3): δ 175.5, 
168.4, 140.6, 137.2, 130.0, 114.8, 52.3, 51.9, 48.7, 37.6, 21.0, 12.8; HRMS (ESI+): Calcd 
for C12H19O4 [M+H]: 227.12833, Found: 227.12820.  
(S)-tert-Butyl 2-methyl-2-vinylhexanoate (2.44: This compound is reported in Chapter 
1 and spectra data match those described). 1H NMR (400 MHz, CDCl3): δ 5.97 (1H, dd, J 
= 17.6, 10.8 Hz, CH=CH2), 5.05-5.01 (2H, m, CH=CH2), 1.66-1.44 (2H, m, 
CH2CH2CH2CH3), 1.41 (9H, s, (CH3)3), 1.30-1.14 (7H, m, CCH3 and CH2CH2CH2CH3), 
0.87 (3H, t, J = 7.2 Hz, CH3); 13C NMR (100 MHz, CDCl3): δ 175.3, 142.7, 112.9, 80.3, 
49.2, 39.1, 28.1, 26.9, 23.3, 20.6, 14.1. Optical Rotation: [α]D20 ‒8.75 (c 1.00, CHCl3) for 
an enantiomerically enriched sample of 80:20 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (81.5:18.5 shown; Chiral dex GTA column, 10 psi, 35 oC). 
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(S)-tert-Butyl 2-ethyl-2-methylbut-3-enoate (2.45: This compound is reported in 
Chapter 1 and spectra data match those described). 1H NMR (400 MHz, CDCl3): δ 5.99 
(1H, dd, J = 10.4, 18.0 Hz, CH=CH2), 5.06 (2H, m, CH=CH2), 1.73 (1H, m, CH3CHH), 
1.55 (1H, m, CH3CHH), 1.44 (9H, s, CCH3)3), 1.20 (3H, s, (CH3)(CO2t-Bu)C), 0.84 (3H, 
dd, J = 7.2, 7.2 Hz, CH3CH2); 13C NMR (100 MHz, CDCl3): δ 175.3, 142.5, 113.2, 80.4, 
49.6, 32.2, 28.2, 20.1, 9.1. Optical Rotation: []D20 –13.8 (c 0.65, CHCl3) for an 
enantiomerically enriched sample of 80:20 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (81:19 er shown; Chiral dex GTA column, 10 psi, 35 °C). 
 
 
2.7.3 Experimental Procedures and Characterization Data for Cu-Catalyzed 
Enantioselective Allylic Substitution of Alkyl-, Aryl-, and Furylaluminum Reagents 
 Representative experimental procedure for Cu-catalyzed EAA reactions of 
trialkylaluminum reagents to (E)-tert-Butyl 4-(diethoxyphosphoryl-oxy)-2-
methylbut-2-enoate (2.47): 
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In an N2-filled glovebox, an oven-dried 10 x 50 mm vial was charged with chiral NHC-
Ag complex 3 (1.58 mg, 1.50 x 10-3 mmol, 0.5 mol %), sealed with a rubber septum and 
parafilm. The vessel was removed from the glovebox. To the chiral NHC-Ag(I) 3 under 
an nitrogen atmosphere were added THF (0.5 mL) and a solution of CuCl2•2H2O (0.01M, 
30.0 µL, 3.00 x 10-3 mmol, 1.0 mol % mol) in THF and the solution was allowed to stir 
for 30 min. Allylic phosphate 2.47 (92.5 mg, 0.300 mmol) in THF (0.5 mL) was added to 
the solution, which was allowed to stir for 10 min before allowing to cool to ‒78 °C (dry 
ice/acetone bath). Triethylaluminum reagent (51.3 µL, 0.450 mmol) was added dropwise 
through a syringe. The reaction was transferred to a ‒30 °C cryocool. After 24 h, the 
reaction was quenched by the addition of a saturated aqueous solution of Rochelle’s salt 
(5 mL). The resulting mixture was washed with Et2O (3 x 3 mL) and filtered through a 
short plug of MgSO4 and silica gel. The filtrate was concentrated to provide colorless oil 
residue, which was purified by silica gel column chromatography (1:50 Et2O:pentane) to 
afford the colorless oil of SN2’ product 2.45 (40.9 mg, 0.222 mmol, 74% yield). 
 Representative experimental procedure for the preparation of diethylfuryl-
aluminum reagents: Furan (727 µL, 10.0 mmol) and THF (1.4 mL) were added to a 
flame-dried round bottom flask equipped with a stir bar through syringes. The solution 
was allowed to cool to –78 °C (dry ice/acetone bath). n-Butyllithium (1.61 M in hexane, 
6.21 mL, 10.0 mmol) was added through a syringe and the solution was allowed to stir at 
0 °C for 1 h. Pentane (5.6 mL) followed by Et2AlCl (1.38 mL, 11.0 mmol) was added 
through syringes and the solution was allowed to warm to 22 °C and stir for 12 h. The 
resulting mixture was a clear yellow solution of diethyl(2-furyl) aluminum (0.653 M) 
Chapter 2, Page 216 
 
containing LiCl solid that precipitated out of solution. The solution was allowed to stand 
for 30 min to assist with settling of solid LiCl. 
 Representative experimental procedure for Cu-catalyzed enantioselective allylic 
substitutions of dialkylphenylaluminum reagents to (E)-tert-Butyl 4-(diethoxyphos-
phoryloxy)-2-methylbut-2-enoate (2.47): In an N2 filled glove box, an oven-dried vial 
(8 mL, 17 x 60 mm) with magnetic stir bar was charged with NHC-Ag(I) complex 3 
(0.750 mg, 7.50 x 10-4 mmol) and was sealed with a septum and wrapped with parafilm 
before removal from the glove box. To the vial under an N2 atmosphere were added THF 
(0.5 mL) and a solution of CuCl2·2H2O in THF (0.02 M, 75.0 µL, 1.50x10-3 mmol). The 
solution was allowed to stir for 30 min at 22 °C. A solution of (E)-tert-Butyl-4-
(diethoxyphosphoryloxy)-2-methylbut-2-enoate (2.47) (46.2 mg, 0.150 mmol) in THF 
(0.5 mL) was added and the reaction mixture was allowed to stir for 10 min at 22 °C and 
cool to –78 °C (acetone/dry ice bath). A solution of Et2Al(p-OMeC6H4) (0.616 M, 730 
μL, 0.45 mmol) was added slowly through a syringe. The resulting solution transferred to 
a –30 °C cryocool. After 1 h, the reaction solution was quenched by the addition of a 
saturated aqueous solution of Rochelle’s salt (2 mL), washed with Et2O (3 x 1 mL), and 
filtered through a short plug of MgSO4 and silica gel. The filtrate was concentrated to 
provide colorless oil residue, which was purified by silica gel column chromatography 
(1:30 Et2O:pentane) to afford the colorless oil of SN2’ product 2.55 (34.4 mg, 0.131 
mmol, 87% yield). 
(R)-tert-Butyl 2,4-dimethyl-2-vinylpentanoate (2.48). IR (neat) 2954 (w), 1724 (s), 
1367 (m), 1246 (m), 1136 (s), 914 (m), 851 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 
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5.99 (1H, dd, J = 17.6, 10.4 Hz, CH=CH2), 5.04 (1H, dd, J = 17.6, 0.8 Hz, CH=CH2), 
5.01 (1H, dd, J = 10.8, 0.8 Hz, CH=CH2), 1.67-1.62 (2H, m, CH2CH(CH3)2), 1.48-1.44 
(1H, m, CH2CH(CH3)2), 1.41 (9H, s, C(CH3)3), 1.22 (3H, s, CH3), 0.87 (6H, dd, J = 6.4, 
6.4 Hz, CH2CH(CH3)2); 13C NMR (100 MHz, CDCl3): δ 175.6, 143.4, 112.7, 80.4, 49.1, 
48.1, 28.1, 25.3, 24.5, 24.0, 20.9; HRMS (ESI+): Calcd for C13H25O2 [M+H]: 213.18545, 
Found: 213.18641. Optical Rotation: [α]D20 +27.5 (c 0.630, CHCl3) for an 
enantiomerically enriched sample of  88.5:11.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (93:7 er shown; Chiral dex GTA column, 10psi, 50 oC). 
 
(R)-tert-Butyl 2-methyl-2-phenylbut-3-enoate (2.46; This compound has been 
previously reported and spectra data match those previously described).51  1H NMR (400 
MHz, CDCl3): δ 7.33-7.22 (5H, m, ArH), 6.37 (1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 
5.25 (1H, dd, J = 10.8, 1.2 Hz, CH=CHH), 5.13 (1H, dd, J = 17.6, 1.2 Hz, CH=CHH), 
1.58 (3H, s, CH3), 1.41 (9H, s, (CH3)3CO); 13C NMR (100 MHz, CDCl3): δ 174.0, 144.3, 
141.7, 128.4, 126.7, 126.5, 114.6, 81.1, 54.4, 28.0, 23.6. Optical Rotation [α]D20 +3.49 (c 
1.06, CHCl3) for an enantiomerically enriched sample of 90.5:9.5 er.  
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Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (91:9 er shown; -dex column, 15 psi, 90 oC). 
 
(R)-tert-Butyl 2-ethyl-2-phenylbut-3-enoate (2.53; This compound has been previously 
reported and spectra data match those described).51 1H NMR (400 MHz, CDCl3): δ 7.31-
7.18 (5H, m, ArH), 6.35 (1H, dd, J = 17.6, 10.8 Hz, CH=CH2), 5.25 (1H, dd, J = 11.2, 
1.2 Hz, CH=CHH), 4.97 (1H, dd, J = 17.6, 1.2 Hz,CH=CHH), 2.15 (1H, dq, J = 14.0, 7.6 
Hz, CHHCH3), 2.06 (1H, dq, J = 13.6, 7.2 Hz, CHHCH3), 1.39 (9H, s, (CH3)3CO), 0.84 
(3H, t, J = 7.2 Hz, CH3CH2). 13C NMR (100 MHz, CDCl3): δ 173.6, 142.7, 140.3, 128.1, 
127.4, 126.6, 115.7, 81.0, 58.5, 29.5, 28.0, 9.5. Optical Rotation [α]D20 ‒12.4 (c 1.00, 
CHCl3) for an enantiomerically enriched sample of 91:9 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material obtained from the derived methyl ester derivative, which was prepared 
by deprotection of tert-butyl ester with trifluoroacetic acid in CH2Cl2, followed by 
methylation of the derived acid with MeI and K2CO3 in DMF (91.5:8.5 er shown; chiral 
dex GTA column, 15 psi, 90 ºC). 
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(R)-tert-Butyl 2-methyl-2-o-tolylbut-3-enoate (2.54). IR (neat): 2978 (w), 1724 (s), 
1458 (w), 1367 (m), 1251 (m), 1161 (m), 1104 (m), 920 (w), 846 (w), 752 (w) cm–1; 1H 
NMR (400 MHz, CDCl3): δ 7.28-7.26 (1H, m, ArH), 7.16-7.11 (3H, m, ArH), 6.51 (1H, 
dd, J = 17.6, 10.8 Hz, CH=CH2), 5.11 (1H, dd, J = 10.4, 0.8 Hz, CH=CH2), 4.79 (1H, dd, 
J = 17.6, 1.2 Hz, CH=CH2), 2.19 (3H, s, ArCH3), 1.60 (3H, s, CCH3), 1.39 (9H, s, 
C(CH3)3); HRMS (ESI+): Calcd for C16H26N1O2 [M+NH4]: 264.19635, Found: 
264.19612. Optical Rotation: []D20 +0.380 (c 2.00, CHCl3) for an enantiomerically 
enriched sample of 68:32 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived methyl ester derivative, which was prepared 
by deprotection of t-butyl ester with trifluoroacetic acid in CH2Cl2, followed by 
methylation of the derived acid with MeI and K2CO3 in DMF (69.5:30.5 er shown; 
Chiralcel OJ-H column, 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 254 nm). 
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(R)-tert-Butyl 2-(4-methoxyphenyl)-2-methylbut-3-enoate (2.55). IR (neat): 2979 (w), 
1721 (s), 1610 (w), 1510 (s), 1367 (m), 1247 (s), 1161 (s), 1122 (s), 1034 (m), 920 (w), 
831 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.19 (2H, d, J = 8.8 Hz), 6.84 (2H, d, J = 
9.2 Hz), 6.37 (1H, dd, J = 17.6, 10.4 Hz), 5.22 (1H, dd, J = 10.8, 1.2 Hz), 5.11 (1H, dd, J 
= 17.2, 0.8 Hz), 3.78 (3H, s), 1.54 (3H, s), 1.40 (9H, s); 13C NMR (100 MHz, CDCl3): δ 
174.2, 158.3, 142.0, 136.3, 127.7, 114.3, 113.7, 81.0, 55.4, 53.7, 28.0, 23.6; HRMS 
(ESI+): Calcd for C16H26N1O3 [M+NH4]: 280.19127, Found: 280.19137. Optical 
Rotation: []D20 ‒4.11 (c 1.72, CHCl3) for an enantiomerically enriched sample of 
90.5:9.5 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material obtained from the derived methyl ester derivative, which was prepared 
by deprotection of tert-butyl ester with trifluoroacetic acid in CH2Cl2, followed by 
methylation of the derived acid with MeI and K2CO3 in DMF (90.5:9.5 er shown; 
Chiralcel OB-H column, 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(R)-tert-Butyl 2-methyl-2-(4-(trifluoromethyl)phenyl)but-3-enoate (2.56). IR (neat): 
1725 (m), 1369 (m), 1324 (s), 1253 (m), 1161 (s), 1121 (s), 1078 (s), 1016 (s), 924 (m), 
842 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.56 (2H, d, J = 8.8 Hz, ArH), 7.38 (2H, d, 
J = 8.4 Hz, ArH), 6.33 (1H, dd, J = 17.6, 17.2 Hz, CH=CH2), 5.30 (1H, d, J = 11.6 Hz, 
CH=CH2), 5.15 (1H, d, J = 17.6 Hz, CH=CH2), 1.58 (3H, s, CH3), 1.41 (9H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3): δ 173.0, 148.0, 140.6, 128.8 (q, J = 32.0 Hz), 126.8, 126.1 
(q, J = 270.9 Hz), 125.1 (q, J = 4.4 Hz), 115.2, 81.4, 54.3, 27.7, 23.3 ; HRMS (ESI+): 
Calcd for C16H23F3N1O2 [M+NH4]: 318.16809, Found: 318.16931. Optical Rotation: 
[]D20 +2.30 (c 1.57, CHCl3) for an enantiomerically enriched sample of 83:17 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (83:17 er shown; -dex column, 15 psi, 90 oC). 
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(R)-Dimethyl(phenyl)(2-phenylbut-3-en-2-yl)silane (2.57; This compound has been 
previously reported and spectra data match those described).52  1H NMR (400 MHz, 
CDCl3):  7.37-7.06 (10H, m, ArH), 6.47 (1H, dd, J = 17.2, 10.8 Hz, CH=CH2), 5.09 (1H, 
dd, J = 10.8, 1.6 Hz, CH=CHH), 4.94 (1H, dd, J = 17.2, 1.2 Hz, CH=CHH), 1.46 (3H, s, 
CH3), 0.24 (3H, s, SiCH3), 0.23 (3H, s, SiCH3); 13C NMR (100 MHz, CDCl3): 145.5, 
143.1, 136.6, 135.0, 129.2, 127.9, 127.4, 126.6, 124.7, 111.4, 37.6, 19.0, ‒5.1, ‒5.2. 
Optical Rotation []D20 −15.7 (c 1.00, CHCl3) for an enantiomerically enriched sample of 
96:4 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (96:4 
er shown; Chiralcel OD column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
                                                 
(52) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 
4554-4558. 
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(R)-(2-(4-Methoxyphenyl)but-3-en-2-yl)dimethyl(phenyl)silane (2.58; This compound 
has been previously reported and spectra data match those described).52 1H NMR (400 
MHz, CDCl3):  7.38-7.26 (5H, m, ArH), 6.99 (2H, d, J = 8.8 Hz, ArH), 6.76 (2H, d, J = 
8.8 Hz, ArH), 6.41 (1H, dd, J = 17.2, 10.8 Hz, CCH), 5.07 (1H, dd, J = 10.8, 1.6 Hz, 
CHCHH), 4.98 (1H, dd, J = 17.2, 1.2 Hz, CHCHH), 3.78 (3H, s, OCH3), 1.43 (3H, s, 
CCH3), 0.24 (3H, s, SiCH3), 0.23 (3H, s, SiCH3); 13C NMR (100 MHz, CDCl3):157.0, 
143.4, 137.7, 136.9, 135.1, 129.3, 127.7, 127.5, 113.4, 111.3, 55.4, 36.8, 19.4, ‒5.0, ‒5.0. 
Optical Rotation: []D20 −22.9 (c 2.22, CHCl3) for an enantiomerically enriched sample 
of 97:3 er sample. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (97:3 
er shown; Chiralpak AD column, 99:1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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(R)-1-Bromo-2-(2-phenylbut-3-en-2-yl)benzene (2.60). IR (neat): 3083 (w), 3057 (w), 
3023 (w), 2976 (w), 1633 (w), 1599 (w), 1491 (w), 1463 (w), 1445 (w), 1424 (w), 1368 
(w), 1074 (m), 917 (m), 752 (s), 698 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.60 (1H, 
dd, J = 8.0, 1.6 Hz), 7.52 (1H, dd, J = 8.0, 1.6 Hz), 7.32 (1H, td, J = 7.2, 1.6 Hz), 7.28-
7.23 (2H, m), 7.21-7.16 (1H, m), 7.19-7.08 (3H, m), 6.66 (1H, dd, J = 17.6, 10.8 Hz), 
5.19 (1H, dt, J = 10.8, 0.8 Hz), 4.98 (1H, dd, J = 17.2, 0.8 Hz), 1.87 (3H, s); 13C NMR 
(100 MHz, CDCl3): δ 147.5, 146.2, 145.2, 135.8, 129.8, 128.6, 128.3, 127.3, 127.0, 125.9, 
124.4, 113.5, 51.6, 26.7; HRMS (ESI+): Calcd for C16H16Br [M+H]: 287.04354, Found: 
287.04393. Optical Rotation: []D20 –17.2 (c 0.567, CHCl3) for an enantiomerically 
enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(94.5:5.5 er shown; Chiralcel OD column, 95/5 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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(R)-tert-Butyl 2-(furan-2-yl)-2-methylbut-3-enoate (2.65). IR (neat): 2980 (w), 1729 
(s), 1368 (m), 1253 (m), 1155 (s), 1116 (m), 1012 (w), 929 (w), 801 (w), 733 (m) cm–1; 
1H NMR (400 MHz, CDCl3): δ 7.35-7.33 (1H, m), 6.29 (1H, dd, J = 3.2, 1.6 Hz), 6.27 
(1H, dd, J = 17.6, 10.8 Hz), 6.13 (1H, dd, J = 3.2, 0.8 Hz), 5.20 (1H, dd, J = 10.4, 0.8 Hz), 
5.09 (1H, dd, J = 17.2, 0.8 Hz), 1.59 (3H, s), 1.40 (9H, s); 13C NMR (100 MHz, CDCl3): 
δ 172.1, 156.2, 141.8, 139.3, 114.9, 110.2, 106.0, 81.5, 51.2, 28.0, 21.6; HRMS (ESI+): 
Calcd for C13H19O3 [M+H]: 223.13342, Found: 223.13287. Optical Rotation: []D20 
‒2.38 (c 1.00, CHCl3) for an enantiomerically enriched sample of 99:1 er.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (99:1 er shown; Chiral dex GTA, 10 psi, 50 ºC). 
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(R)-(2-(Furan-2-yl)but-3-en-2-yl)dimethyl(phenyl)silane (2.66). IR (neat): 3079 (w), 
3050 (w), 3010 (w), 2959 (w), 2929 (w), 1624 (w), 1500 (w), 1192 (m), 1160 (w), 1015 
(w), 923 (w), 901 (w), 833 (m), 816 (s), 772 (m), 723 (s), 699 (s), 654 (m) cm–1; 1H NMR 
(400 MHz, CDCl3): δ 7.37-7.27 (6H, m), 6.28-6.27 (1H, m), 6.26 (1H, dd, J = 17.6, 10.8 
Hz), 5.77-5.76 (1H, m), 5.03 (1H, dd, J = 10.8, 1.6 Hz), 4.84 (1H, dd, J = 17.6, 1.2 Hz), 
1.35 (3H, s), 0.36 (3H, s), 0.30 (3H, s); 13C NMR (100 MHz, CDCl3): δ 159.9, 140.6, 
140.4, 136.3, 134.6, 129.2, 127.3, 111.2, 110.3, 103.4, 35.8, 17.7, ‒4.9, ‒5.0; HRMS 
(ESI+): Calcd for C16H21O1Si1 [M+H]: 257.13617, Found: 257.13660. Optical Rotation: 
[]D20 ‒4.00 (c 1.37, CHCl3) for an enantiomerically enriched sample of 85:15 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(86.5:13.5 er shown; Chiralcel OJ-H column, 95/5 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(S)-2-(2-Phenylbut-3-en-2-yl)furan (2.67). IR (neat): 3085 (w), 3058 (w), 2979 (w), 
2936 (w), 1491 (w), 1445(w), 1409 (w), 1155 (w), 1009 (m), 922 (m), 759 (m), 730 (s), 
697 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.38-7.37 (1H, m), 7.33-7.28 (2H, m), 7.25-
7.18 (3H, m), 6.38 (1H, dd, J = 17.2, 10.4 Hz), 6.35-6.34 (1H, m), 6.13 (1H, dd, J = 3.2, 
0.8 Hz), 5.23 (1H, dd, J = 10.8, 1.2 Hz), 5.01 (1H, dd, J = 17.6, 1.2 Hz), 1.77 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 13C: 159.6,  145.8, 143.5, 141.7, 128.2, 127.1, 126.5, 113.7, 
109.9, 106.3, 47.4, 25.2. HRMS (ESI+): Calcd for C14H15O1 [M+H]: 199.11229, Found: 
199.11222. Optical Rotation: []D20 ‒26.8 (c 1.19, CHCl3) for an enantiomerically 
enriched sample of 99:1 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (99:1 
er shown; Chiralcel AD-H column, 97/3 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(S)-2-(2-(2-Bromophenyl)but-3-en-2-yl)furan (2.68). IR (neat): 3059 (w), 2979 (w), 
2939 (w), 1465 (w), 1427 (w), 1408 (w), 1368 (w), 1017 (m), 1009 (m), 922 (m), 799 (w), 
751 (s), 723 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.55 (1H, dd, J = 7.6, 0.8 Hz), 7.34-
7.24 (3H, m), 7.09 (1H, td, J = 7.6, 1.6 Hz), 6.45 (1H, dd, J = 17.2, 10.4 Hz), 6.33 (1H, 
dd, J = 3.2, 2.0 Hz), 6.05 (1H, d, J = 3.2 Hz), 5.20 (1H, d, J = 10.4 Hz), 4.97 (1H, d, J = 
17.2 Hz), 1.88 (3H, s); 13C NMR (100 MHz, CDCl3): δ 158.9, 144.0, 142.9, 141.0, 135.4, 
129.8, 128.4, 127.2, 123.7, 113.7, 110.5, 106,3. 48.6, 24.3; HRMS (ESI+): Calcd for 
C14H14Br1O1 [M+H]: 277.02280, Found: 277.02173. Optical Rotation: []D20 ‒39.8 (c 
1.73, CHCl3) for an enantiomerically enriched sample of 99.5:0.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(99.5:0.5 er shown; Chiralcel OJ-H column, 95/5 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(S)-2-(2-(2-Methoxyphenyl)but-3-en-2-yl)furan (2.69). IR (neat): 3081 (w), 2978 (w), 
2936 (w), 2834 (w), 1598 (w), 1581 (w), 1488 (m), 1460 (m), 1434 (m), 1242 (s), 1027 
(m), 1007 (m), 883 (m), 751 (s), 726 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.31-7.30 
(1H, m), 7.26-7.21 (1H, m), 7.05 (1H, dd, J = 7.6, 1.6 Hz), 6.92-6.86 (2H, m), 6.41 (1H, 
dd, J = 17.7, 10.8 Hz), 6.32-6.30 (1H, m), 6.02 (1H, dd, J = 3.2, 0.8 Hz), 5.13 (1H, dt, J = 
10.4, 0.4 Hz), 4.93 (1H, dd, J = 17.2, 1.2 Hz), 3.62 (3H, s), 1.81 (3H, s): 13C NMR (100 
MHz, CDCl3): δ 160.5, 157.9, 143.5, 140.6, 134.0, 128.3, 128.1, 120.5, 112.5, 112.4, 
110.0, 104.6, 55.5, 46.2, 23.7. HRMS (ESI+): Calcd for C15H17O2 [M+H]: 229.12285, 
Found: 229.1227. Optical Rotation: []D20 ‒20.6 (c 1.52, CHCl3) for an enantiomerically 
enriched sample of 99.5:0.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(99.5:0.5 er shown; Chiralcel OJ-H column, 96/4 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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 (S)-2-(2-o-Tolylbut-3-en-2-yl)furan (2.70). IR (neat): 3059 (w), 3015 (w), 2978 (w), 
2933 (w), 2876 (w), 1499 (w), 1486 (w), 1456 (w), 1153 (w), 1008 (m), 922 (m), 750 (m), 
724 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.34-7.33 (1H, m), 7.31-7.28 (1H, m), 7.20-
7.16 (2H, m), 7.16-7.10 (1H, m), 6.48 (1H, dd, J = 17.2, 10.4 Hz), 6.33 (1H, dd, J = 3.2, 
1.6 Hz), 6.05 (1H, dd, J = 2.8, 0.8 Hz), 5.16 (1H, dd, J = 10.4, 0.8 Hz), 4.92 (1H, dd, J = 
17.2, 1.2 Hz), 1.99 (3H, s), 1.79 (3H, s); 13C NMR (100 MHz, CDCl3): δ 160.4, 143.6, 
143.1, 141.0, 137.3, 132.3, 127.6, 126.9, 125.8, 113.0, 110.2, 105.1, 47.5, 25.8, 21.0; 
HRMS (ESI+): Calcd for C15H17O1 [M+H]: 213.12794, Found: 213.12727. Optical 
Rotation: []D20 ‒21.1 (c 1.92, CHCl3) for an enantiomerically enriched sample of 98:2 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (98:2 
er shown; Chiralpak AD-H column, 95/5 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(S)-2-(2-(4-Nitrophenyl)but-3-en-2-yl)furan (2.71). IR (neat): 1603 (w), 1514 (s), 1344 
(s), 1316 (w), 1154 (w), 1110 (w), 1011 (m), 925 (m), 851 (m), 734 (m), 699 (m) cm–1; 
1H NMR (400 MHz, CDCl3): δ 8.15-8.11(2H, m), 7.38-7.37 (1H, m), 7.33-7.30 (2H, m), 
6.36-6.35 (1H, m), 6.32 (1H, dd, J = 17.6, 10.8 Hz), 6.18 (1H, dd, J = 3.2, 0.8 Hz), 5.29 
(1H, dd, J = 10.4, 0.8 Hz), 5.03 (1H, dd, J = 17.6, 0.8 Hz), 1.77 (3H, s); 13C NMR (100 
MHz, CDCl3): δ 158.0, 153.3, 146.6, 142.2, 142.1, 128.1, 123.5, 115.0, 110.2, 106.8, 
47.6, 25.3; HRMS (ESI+): Calcd for C14H14N1O3 [M+H]: 244.09737, Found: 244.09846. 
Optical Rotation: []D20 ‒21.1 (c 1.92, CHCl3) for an enantiomerically enriched sample 
of 98.5:1.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(98.5:1.5 er shown; Chiralpak AD-H column, 93/7 hexanes/i-PrOH, 0.5 mL/min, 220 
nm). 
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(S)-tert-Butyl 2-methyl-2-(thiophen-2-yl)but-3-enoate (2.72). IR (neat): 2978 (w), 2935 
(w), 1724 (s), 1455 (w), 1432 (w), 1419 (w), 1367 (m), 1253 (s), 1237 (m), 1154 (s), 
1113 (s), 920 (m), 877 (m), 693 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.20-7.18 (1H, 
m), 6.95-6.92 (2H, m), 6.38 (1H, dd, J = 17.2, 10.4 Hz), 5.20 (1H, dd, J = 11.2, 0.8 Hz), 
5.15 (1H, d, J = 17.2 Hz), 1.70 (3H, s), 1.42 (9H, s); 13C NMR (100 MHz, CDCl3): δ 
172.5, 147.6, 141.5, 126.4, 124.4, 124.3, 114.1, 81.6, 51.8, 27.9, 24.3; HRMS (ESI+): 
Calcd for C13H19O2S1 [M+H]: 239.11057, Found: 239.11046. Optical Rotation: []D20 
‒2.41 (c 1.75, CHCl3) for an enantiomerically enriched sample of 79:21 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (87.5:12.5 er shown; Chiralcel OD column, 100% hexanes, 0.5 mL/min, 
220 nm). 
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(S)-2-(2-(2-Bromophenyl)but-3-en-2-yl)thiophene (2.73). IR (neat): 3064 (w), 2974 
(w), 2933 (w), 1463 (w), 1430 (w), 1406 (w), 1368 (w), 1348 (w), 1018 (m), 910 (m), 
852 (w), 824 (w), 805 (w), 753 (m), 732 (m), 689 (s), 644 (m) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 7.57 (1H, dd, J = 7.6, 1.6 Hz), 7.52 (1H, dd, J = 8.0, 1.6 Hz), 7.30 (1H, td, J = 
7.6, 1.2 Hz), 7.19 (1H, dd, J = 4.4, 1.2 Hz), 7.12 (1H, td, J = 7.6, 1.6 Hz), 6.93(1H, dd, J 
= 4.8, 3.2 Hz), 6.67 (1H, dd, J = 3.6, 1.2 Hz), 6.58 (1H, dd, J = 17.6, 10.8 Hz), 5.20 (1H, 
dd, J = 10.4, 0.4 Hz), 4.97 (1H, dd, J = 17.2, 0.4 Hz), 1.99 (3H, s) ; 13C NMR (100 MHz, 
CDCl3): δ 152.5, 145.4, 145.1, 135.7, 129.6, 128.5, 127.1, 126.7, 124.5, 124.4, 123.4, 
113.4, 49.5, 27.9; HRMS (ESI+): Calcd for C14H14Br1S1 [M+H]: 292.99996, Found: 
293.00062. Optical Rotation: []D20 ‒26.0 (c 2.93, CHCl3) for an enantiomerically 
enriched sample of 98:2 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (98:2 
er shown; Chiralcel OJ-H column, 94/6 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(S)-2-(2-(4-Nitrophenyl)but-3-en-2-yl)thiophene (2.74). IR (neat): 3081 (w), 2977 (w), 
2935 (w), 1602 (w), 1513 (s), 1342 (s), 1238 (w), 1012 (w), 924 (w), 849 (m), 830 (w), 
804 (w), 694 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 8.14-8.11 (2H, m), 7.43-7.41 (2H, 
m), 7.25-7.22 (1H, m), 6.98-6.96 (1H, m), 6.81-6.78 (1H, m), 6.35 (1H, ddd, J = 17.2, 
10.4, 0.8 Hz), 5.27 (1H, dd, J = 10.4, 0.4 Hz), 4.98 (1H, d, J = 17.2 Hz), 1.89 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 154.9, 151.1, 146.6, 144.7, 128.4, 126.7, 125.3, 124.7, 123.3, 
114.7, 48.7, 28.6; HRMS (ESI+): Calcd for C14H14N1O2S1 [M+H]: 260.07452, Found: 
260.07536. Optical Rotation: []D20 ‒2.70 (c 2.38, CHCl3) for an enantiomerically 
enriched sample of 96:4 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (94:6 
er shown; Chiralcel OD column, 96/4 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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Chapter 3 
Cu-Catalyzed Enantioselective Allylic Substitution 
with Vinylaluminum Reagents 
 
3.1  Introduction 
Catalytic enantioselective addition of vinylmetal reagents to activated olefins is a 
potentially versatile, but underdeveloped class of transformations. Compared to the 
corresponding Cu-catalyzed processes with arylmetals,1 and, particularly, alkylmetals, 2 
protocols involving metal-based vinylating reagents are of higher synthetic utility, yet the 
development of those transformations has been inadequate. The few reported examples 
with vinylmetals are Rh- or Cu-catalyzed enantioselective conjugate additions (ECA).3,4 
                                                 
(1) (a) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew.Chem., Int. Ed. 2007, 46, 
4554‒4558. (b) Selim, K. B.; Matsumoto, Y.; Yamada, K.-i.; Tomioka, K. Angew. Chem., Int. Ed. 2009, 48, 
8733‒8735. 
(2) For reviews on Cu-catalyzed enantioselective allylic alkylation reactions that involve “hard” alkyl 
metal-based reagents, see: (a) Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. A. Chem. Commun. 2004, 
1779–1785. (b) Yorimitsu, H.; Oshima, K. Angew. Chem., Int. Ed. 2005, 44, 4435–4439. (c) Falciola, C. 
A.; Alexakis, A. Eur. J. Org. Chem. 2008, 3765–3780. (d) Alexakis, A.; Bäckvall, J.-E.; Krause, N.; 
Pàmies, O.; Diéguez, M. Chem. Rev. 2008, 108, 2796‒2823. (e) Harutyunyan, S. R.; den Hartog, T.; 
Geurts, K.; Minnaard, A. J.; Feringa, B. L. Chem. Rev. 2008, 108, 2824‒2852. (f) Lu, Z.; Ma, S. Angew. 
Chem., Int. Ed. 2008, 47, 258‒297. 
(3) For a review of Rh-catalyzed conjugate additions of vinyl groups, see: (a) Hayashi, T.; Yamasaki, K. 
Chem. Rev. 2003, 103, 2829‒2844. For Rh-catalyzed ECAs of vinylzirconocenes, see: (b) Oi, S.; Sato, T.; 
Inoue, Y. Tetrahedron Lett. 2004, 45, 5051‒5055. (c) Nicolaou, K. C.; Tang, W.; Dagneau, P.; Faraoni, R. 
Angew. Chem., Int. Ed. 2005, 44, 3874‒3879. For Cu-catalyzed ECAs of vinylaluminums, see: (d) Alexakis, 
A.; Albrow, V.; Biswas, K.; d’Augustin, M.; Prieto, O.; Woodward, S. Chem. Commun. 2005, 2843–2845. 
(e) Vuagnoux-d’Augustin, M.; Alexakis, A. Chem.‒Eur. J. 2007, 13, 9647‒9662.  
(4) For Rh-catalyzed enantioselective conjugate additions (ECAs) of vinylsilanes, see: (a) Oi, S.; Taira, A.; 
Honma, Y.; Inoue, Y. Org. Lett. 2003, 5, 97‒99. (b) Otomaru, Y.; Hayashi, T. Tetrahedron: Asymmetry 
2004, 15, 2647‒2651. (c) Nakao, Y.; Chen, J.; Imanaka, H.; Hiyama, T.; Ichikawa, Y.; Duan, W-L.; 
Shintani, R.; Hayashi, T. J. Am. Chem. Soc. 2007, 129, 9137‒9143. (d) Shintani, R.; Ichikawa, Y.; Hayashi, 
T.; Chen, J.; Nakao, Y.; Hiyama, T. Org. Lett. 2007, 9, 4643‒4645. For Cu-catalyzed ECAs of vinylsilanes, 
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There are no examples of catalytic enantioselective allylic substitutions with vinylmetals, 
partly as a result of the relatively complicated and impractical methods for the 
preparation of the requisite vinylmetals. Therefore, our research has been aimed at the 
development of efficient and practical methods for catalytic enantioselective allylic 
vinylation (EAV) with vinylaluminum reagents that are easily prepared and used in situ; 
stereoselective reactions of commercially available DIBAL-H with readily accessible 
terminal alkynes can efficiently deliver a variety of vinylmetals.5 The resulting 1,4-diene 
products from the allylic substitutions are versatile units for further functionalization. In 
addition, we demonstrate the ability of chiral bidentate NHC ligands, developed in our 
laboratories, to promote vinyl additions to allylic substrates in the presence of 
commercially available, inexpensive, and air stable CuCl2•2H2O. 
We have described efficient Cu-catalyzed enantioselective allylic substitutions 
with alkyl- and arylmetals in the presence of amino acid-based and NHC ligands as 
presented in Chapter 2.6 In the majority of those investigations, however, substrate scope 
                                                                                                                                                 
see: (e) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462. For Rh-catalyzed ECAs of 
vinylboranes, see: (f) Takaya, Y.; Ogasawara, M.; Hayashi, T. J. Am. Chem. Soc. 1998, 120, 5579‒5580. 
(g) Takaya, Y.; Ogasawara, M.; Hayashi, T. Tetrahedron Lett. 1998, 39, 8479‒8482. (h) Pucheault, M.; 
Darses, S.; Genêt, J.-P. Tetrahedron Lett. 2002, 43, 6155‒6157. (i) Pucheault, M.; Darses, S.; Genêt, J.-P. 
Eur. J. Org. Chem. 2002, 3552‒3557. (j) Shintani, R.; Ichikawa, Y.; Takatsu, K.; Chen, F.-X.; Hayashi, T. 
J. Org. Chem. 2009, 74, 869–873. 
(5) (a) Wilke, G.; Müller, H. Chem. Ber. 1956, 89, 444. (b) Wilke, G.; Müller, H. Justus, Liebigs Ann. 
Chem. 1960, 629, 222‒240. (c) Negishi, E.; Takahashi, T.; Baba, S. Org. Synth., Collect. 1993, 8, 295‒297. 
Only one instance of the utility of vinylaluminum reagents derived from DIBAL-H in Cu-catalyzed ECA of 
a cyclic enone has been reported. See: (d) ref (3e).  For one example of Ti-catalyzed enantioselective 
additions of vinylaluminum reagents to ketones, see: (e) Biradar, D. B.; Gau, H.-M. Org. Lett. 2009, 11, 
499‒502. In a recent report, our laboratories demonstrated Cu-catalyzed enantioselective allylic vinylations 
with trisubstituted vinylaluminum reagents from Si-substituted internal alkynes. See: (f) Akiyama, K.; Gao, 
F.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2010, 49, 419–423. 
(6) (a) Luchaco-Cullis, C.A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2001, 
40, 1456‒1460. (b) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676‒10681. (c) 
Larsen, A. O.; Leu, W.; Oberhuber, C. N.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 
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is limited to disubstituted and -substituted allylic olefins as presented in Type 2 in 
Scheme 3.1.  
 
Trisubstituted olefins with -substitution (Type 1) represent one of the more challenging 
and least examined classes of substrates for Cu-catalyzed EAA.7 For example, Alexakis 
and coworkers reported Cu-catalyzed EAA of -disubstituted allylic chlorides with alkyl 
Grignard reagents in the presence of phosphoramidite ligands. The reactions proceed 
efficiently with a variety of alkylmagnesium halides and the products are obtained in high 
enantioselectivity (90:10‒99:1 er), however, the control of regiochemistry deteriorated in 
some instances (44:56‒98:2 SN2’:SN2).7a Woodward and coworkers also investigated Cu-
catalyzed EAA of Baylis–Hillman derived allylic electrophiles bearing substituents at the 
-position with dialkylzinc reagents, affording tertiary stereogenic centers in up to 95:5 
                                                                                                                                                 
11130‒11131. (d) Murphy, K. E.; Hoveyda, A. H. Org. Lett. 2005, 7, 1255‒1258. (e) Van Veldhuizen, J. J.; 
Campbell, J. E.; Guidici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877‒6882. (f) Kacprzynski, 
M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 4554‒4558. 
(7) (a) Falciola, C. A.; Tissot-Croset, K.; Alexakis, A. Angew. Chem., Int. Ed. 2006, 45, 5995–5998. (b) 
Falciola, C. A.; Tissot-Croset, K.; Reyneri, H.; Alexakis, A. Adv. Synth. Catal. 2008, 350, 1090–1100. For 
examples of enantio- and stereoselective addition to Baylis–Hillman-derived allylic electrophiles, see: (c) 
Börner, C.; Goldsmith, P. J.; Woodward, S.; Gimeno, J.; Gladiali, S.; Ramazzotti, D. Chem. Commun. 2000, 
24, 2433‒2434. (d) Goldsmith, P. J.; Teat, S. J.; Woodward, S. Angew. Chem., Int. Ed. 2005, 44, 
2235‒2237.  
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er.7c-d The scope of nucleophiles, however, is limited to alkylating reagents (diethyl and 
di-n-butylzincs). Recently, we described the utility of Cu-catalyzed EAA of trisubstituted 
allylic substrates bearing -disubstituents towards the enantioselective synthesis of 
baconipyrone C. Two of the tertiary stereogenic centers on this target molecule were set 
with high enantiomeric purity (>98:<2 er) through a double Cu-catalyzed EAA with 
trimethylaluminum.8 Thus, the development of more efficient enantioselective methods 
to deliver alkyl groups as well as vinyl groups to trisubstituted allylic substrates with -
substitution is a valuable undertaking.  
 In addition to Cu-catalyzed EAV involving -disubstituted allylic substrates, we 
have extended our study towards the development of vinylations of disubstituted allylic 
substrates (Type 2, Scheme 3.1) to afford enantiomerically enriched 1,4-dienes featuring 
all-carbon quaternary stereogenic centers. Furthermore, we looked to apply the developed 
methods to the total synthesis of biologically-active natural products. A representative set 
of examples of natural products containing a chiral quaternary stereogenic center, whose 
synthesis would benefit from an enantioselective allylic substitution with vinyl reagents, 
are presented in Figure 3.1.9 Herein we describe the concise enantioselective synthesis of 
bakuchiol through Cu-catalyzed EAV with vinylaluminum reagents. 
                                                 
(8) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 3860–3864. 
(9) (a) Mehta, G.; Nayak, U. R.; Dev, S. Tetrahedron Lett. 1966, 4561‒4567. (b) Chen, H.;  Du, X.; Tang, 
W.; Zhou, Y.; Zuo, J.; Feng, H.; Li, Y. Bioorg & Med. Chem. 2008, 16, 2403‒2411. (c) Fukuyama, Y.; 
Minami, H.; Takaoka, S.; Kodama, M.; Kawazu, K.; Nemoto, H. Tetrahedron Lett. 1997, 38, 1435‒1438. 
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3.2 Background 
3.2.1  Representative Methods for Preparation of Vinylmetals 
Several methods for the preparation of vinylmetal reagents are represented in 
Scheme 3.2.  Oppolzer and coworkers described the synthesis of vinylzinc reagents from 
aliphatic terminal alkynes through hydroboration with freshly prepared 
dicyclohexylborane, followed by transmetalation of the in situ-generated (E)-alkenyl 
borane with dimethylzinc (Method 1, Scheme 3.2).10 An alternative method to prepare 
vinylzinc reagents has been reported by Wipf and coworkers.11 As shown in Method 2 of 
Scheme 3.2, alkenylzirconocene, obtained from the hydrozirconation of alkynes12 with 
zirconocene hydrochloride (Schwartz’s reagent), can be transmetalated with dimethylzinc 
to afford the vinylzincs. Although hydrozirconation of alkynes allows for the convenient 
preparation of a range of functionalized vinylzirconocenes, the corresponding reagents 
are relatively unreactive toward electrophiles and, moreover, the functional group 
                                                 
(10) Oppolzer, W.; Radinov, R. N. Helv. Chim. Acta 1992, 75, 170‒173. 
(11) (a) Wipf, P.; Xu, W. Tetrahedron Lett. 1994, 35, 5197‒5200. (b) Wipf, P.; Nunes, R. L. Tetrahedron 
2004, 60, 1269‒1279. (c) Li, H.; Walsh, P. J. J. Am. Chem. Soc. 2005, 127, 8355‒8361. 
(12) Lipshutz, B. H.; Ellsworth, E. L. J. Am. Chem. Soc. 1990, 112, 7440‒7441.  
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compatibility of the process is limited by the oxophilic and hard Lewis acid character of 
the Schwartz reagent. Thus, transmetalation of vinylzirconocenes is required for synthetic 
utility. Both methods (1 and 2) are relatively reliable procedures and have been applied in 
catalytic enantioselective vinylations of aldehydes 13  and ketones 14  and to the total 
synthesis of natural products.11b However, the two step procedures coupled with the high 
cost of Cp2Zr(H)Cl ($2141.37/mole) and Me2Zn ($1318.05/mole)15 render these methods 
impractical. 
 
As illustrated in Method 3, Müller and coworkers16 have reported the direct 
synthesis of vinylaluminum reagents from the hydroalumination of alkynes with DIBAL-
H, which is significantly less expensive ($78.09/mole).15 Vinylaluminum reagents can be 
                                                 
(13) (a) Oppolzer, W.; Radinov, R. N.  J. Am. Chem. Soc. 1993, 115, 1593‒1594. (b) Wipf, P.; Xu, W.; 
Takahashi, H.; Jahn, H.; Coish, P. D. G. Pure & Appl. Chem. 1997, 69, 639‒644. (c) Dahmen, S.; Bräse, S. 
Org. Lett. 2001, 3, 4119‒4122. (d) Ji, J.-X.; Qiu, L.-Q.; Yip, C. W.; Chan, A. S. C. J. Org. Chem. 2003, 68, 
1589‒1590. (e) Bräse, S.; Dahmen, S.; Höfener, S.; Lauterwasser, F.; Kreis, M.; Ziegert, R. E. Synlett 2004, 
2647‒2669. (f) Kerrigan, M. H.; Jeon, S.-J.; Chen, Y. K.; Salvi, L.; Carroll, P. J.; Walsh, P. J. J. Am. Chem. 
Soc. 2009, 131, 8434–8445. (g) See: ref (10) and (11). 
(14) (a) Li, H.; Walsh, P. J. J. Am. Chem. Soc. 2004, 126, 6538‒6539.  (b) Li, H.; Walsh, P. J. J. Am. Chem. 
Soc. 2005, 127, 8355‒8361. 
(15) The prices of Me2Zn and Cp2Zn(H)Cl are calculated from Strem Chemicals Inc. The price of DIBAL-
H is calculated from Aldrich Chemical Co. 
(16) See: ref (5).  
Chapter 3, Page 259  
 
prepared in situ and used directly without further purification or isolation, providing 
easily attainable nucleophilic sources of vinyl groups for C‒C bond formation. Thus, we 
considered vinylaluminum reagents as nucleophilic sources for the development of 
efficient and practical Cu-catalyzed enantioselective allylic substitutions of trisubstituted 
olefins. 
 The further representative methods to prepare vinylaluminum reagents are 
illustrated in Scheme 3.3. In addition to hydroalumination of terminal alkynes with 
DIBAL-H, Zweifel and coworkers found that reactions involving internal alkynes can be 
stereoselectively controlled.17 Whereas the reaction of internal alkynes with DIBAL-H 
provides trisubstituted vinyl-Al reagents with >98% (Z)-selectivity, treatment of internal 
alkynes with lithium diisobutylmethylaluminate hydride, prepared from reaction of 
DIBAL-H with CH3Li, generates >98% (E)-alkenylaluminums through direct trans 
addition (eq 3.1 and eq 3.2). Trisubstituted vinylaluminum reagents can also be prepared 
through the carboalumination of alkynes with trialkylaluminum in the presence of 
Cp2Zr(H)Cl described by Negishi and coworkers (eq 3.3).18  
                                                 
(17) (a) Zweifel, G.; Steele, R. B. J. Am. Chem. Soc. 1967, 89, 5085‒5086. (b) Zweifel, G.; Snow, J. T.; 
Whitney, C. C. J. Am. Chem. Soc. 1968, 90, 7139‒7141. 
(18) (a) Van Horn, D. E.; Negishi, E.-i. J. Am. Chem. Soc. 1978, 100, 2252‒2254. (b) Negishi, E.-i.; Van 
Horn, D. E.; Yoshida, T. J. Am. Chem. Soc. 1985, 107, 6639‒6647. (c) Lipshutz, B. H.; Dimock, S. H. J. 
Org. Chem. 1991, 56, 5761‒5763. (d) Wipf, P.; Lim, S. Angew. Chem. Int. Ed. Engl. 1993, 32, 1068‒1071. 
(e) Lipshutz, B. H.; Butler, T.; Lower, A. J. Am. Chem. Soc. 2006, 128, 15396‒15398. 
Chapter 3, Page 260  
 
 
3.2.2 Vinylmetal Reagents in Catalytic Enantioselective Vinyl Additions of Activated 
Olefins 
The development of catalytic enantioselective additions of metal-based vinyl 
reagents to activated olefins was pioneered by Oi, Sato, and Inoue in 2004.19 The authors 
disclosed efficient Rh-catalyzed enantioselective 1,4-additions of disubstituted cyclic and 
acyclic enones with (E)-alkenylzirconocenes, prepared from site- and stereoselective 
hydrozirconation of terminal alkynes using the Schwartz reagent.  Reactions are 
performed under neutral, anhydrous, and mild conditions. The combination of 5 mol % 
cationic rhodium(I) complex [Rh(cod)(MeCN)2]BF4 and 6 mol % (S)-binap promotes 
vinylation of cyclohexenone 3.3 with vinyl-Zr 3.2 to afford the desired product 3.4 in 
98:2 er and 97% yield (Scheme 3.4). In contrast, the Ni-catalyzed reactions of 3.3 in the 
presence of Ni(acac)2 under the same conditions are neither efficient nor enantioselective 
(31% yield, racemic product). In the presence of catalytic Pd2(dba)3•CHCl3, vinylation 
                                                 
(19) Oi, S.; Sato, T.; Inoue, Y. Tetrahedron Lett. 2004, 45, 5051‒5055. 
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does not proceed (<2% conv). Thus, the rhodium complex proved to be most effective in 
activation of the alkenylzirconium reagents. As shown in Scheme 3.4, five, six, and 
seven-membered cyclic enones as well as acyclic enones can undergo highly 
enantioselective conjugate additions with a variety of vinylzirconocenes substituted with 
an n-alkyl, an aryl, and a sterically demanding tert-butyl group. Products bearing 
enantiomerically enriched tertiary stereogenic centers 3.4‒3.9 are obtained in 
85.5:14.5‒98:2 er.  
 
 This pioneering work on Rh-catalyzed vinylations inspired Nicolaou and 
coworkers to demonstrate the utility of the protocol through application towards the 
synthesis of an optically active spirocyclic intermediate 3.13 to construct the spiro 
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domain of natural product vannusal A 3.14 (Scheme 3.5).20 -Alkylated product 3.11 is 
synthesized through a one-pot tandem Rh-catalyzed enantioselective three-component 
1,4-addition process followed by an aldol reaction between enone 3.3, aldehyde 3.10, and 
alkenylzirconocene 3.2 (generated in situ from the treatment of 1-octyne with 
Cp2Zr(H)Cl). In the presence of 5 mol % Rh complex derived from a mixture of 
[Rh(cod)(MeCN)2]BF4 and (S)-binap, the reaction is efficiently promoted. High 
enantioselectivities (89:11‒99:1 er) are obtained in reactions of five- and seven-
membered cyclic enones and an acyclic enone, but yields are moderate (30‒62% yield). 
To date, Rh-catalyzed enantioselective vinylation reactions of activated alkenes are 
limited to the formation of tertiary stereogenic centers.  
 
In 2005, Alexakis and coworkers described the first example of vinylaluminum 
reagents in catalytic enantioselective additions to activated olefins, albeit in the synthesis 
                                                 
(20) Nicolaou, K. C.; Tang, W.; Dagneau, P.; Faraoni, R. Angew. Chem., Int. Ed. 2005, 44, 3874‒3879. 
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of only two cyclic ketones 3.17 and 3.18 (Scheme 3.6).21 Vinylaluminum reagent 3.15 is 
prepared from carboalumination of phenylacetylene with Me3Al in the presence of 20 
mol % Cp2ZrCl2 in 32 hours, under modified Negishi conditions.22 This protocol requires 
removal of the solvent for the subsequent Cu-catalyzed ECA.  Preparation of the 
vinylmetal reagent in this protocol is not efficient, and the products are obtained in 
moderate yields and enantioselectivities (88.5:11.5 er and 54% yield for 3.17, 86:14 er 
and 48% yield for 3.18). 
 
In a subsequent report, the authors demonstrated Cu-catalyzed ECA of 
tirsubstituted enone 3.21 with alkenylaluminum 3.19, derived from hydroalumination of 
1-pentyne with DIBAL-H at 50 °C (Scheme 3.7). It was the singular example 
demonstrating formation of an all-carbon quaternary stereogenic centers examined and it 
necessitated the use of high catalyst loading (30 mol % Cu salt and 30 mol % chiral 
                                                 
(21) Alexakis, A.; Albrow, V.; Biswas, K.; d’Augustin, M.; Prieto, O.; Woodward, S. Chem. Commun. 
2005, 2843‒2845. 
(22) Negishi, E.-i.; Van Horn, D. E.; Yoshida, T. J. Am. Chem. Soc. 1985, 107, 6639-6647. 
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phosphoramidite 3.20) for complete conversion to furnish 3.22 in 86.5:13.5 er (no yield 
reported).  
 
Besides catalytic ECAs involving metal-based vinylating reagents, such as 
zirconium- and aluminum reagents, vinylsilanes and vinylboranes have also been used as 
vinyl group sources in ECA. A majority of these reactions are Rh-catalyzed.4 In the 
following sections, we will introduce the utility of aluminum-based vinyl reagents in 
EAV reactions of allylic substrates promoted by a Cu catalyst. 
 
3.3 Cu-Catalyzed Enantioselective Vinyl Additions of Vinylaluminum 
Reagents to -Disubstituted Allylic Phosphates 
3.3.1  Search for Optimal Conditions  
In order to readily access vinylating reagents in a practical one-step preparation, 
we selected aluminum-based vinylating reagents, which can be generated from the 
hydroalumination of terminal alkynes with commercially available DIBAL-H in hexanes 
at 55 °C for 5 h. The derived (E)-alkenylaluminum reagents are obtained in >98% site 
selectivity (>98% terminal vinylaluminums) and >98% stereoselectivity (<2% (Z)-vinyl) 
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and can be used without further purification and isolation. Previous two-step protocols 
involve alkyne hydrozirconation with costly and sensitive Cp2Zr(H)Cl followed by 
transmetalation with expensive Me2Zn, or a hydroboration-transmetalation process also 
involving Me2Zn (Scheme 3.2). 
 
We began by examining reactions of vinylaluminum 3.24 with -substituted 
allylic phosphate 3.23, belonging to a less-examined class of substrates for catalytic EAA. 
When 3.24 is used in vinylation of 3.23 in the presence of 1 mol % CuCN, there is <2% 
conversion (Table 3.1, entry 1). Alkylation proceeds to 65% conversion with 100 mol % 
CuCN in 3 h, but nearly all possible isomers are generated (entry 2); formation of diene 
3.25 is accompanied by formation of 1,4-diene 3.26 (19%), as well as the allylic 
alkylation product resulting from transfer of an i-Bu group (3.27, 10%). There is <10% 
conversion after 24 h in the presence of 1 mol % CuCl2•2H2O (entry 3). The Cu complex 
derived from achiral NHC-Ag(I) complex 11 and CuCl2•2H2O does not promote vinyl 
group transfer (same outcome with (CuOTf)2•C6H6 and 11, entry 7). Similarly, in the 
presence of chiral bidentate NHC-Ag complexes 1 or 2 and CuCl2•2H2O, the reaction 
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does not proceed (entries 4 and 5). In a remarkable contrast, with only 0.5 mol % NHC-
Ag 3 and 1 mol % of commercially available, low cost, and air stable CuCl2•2H2O, EAV 
proceeds to >98% conversion in only 3 h, furnishing 3.25 in >99:<1 er and with >98% 
SN2and E selectivity. The high enantioselectivity aside, the data in Table 3.1 highlights 
the unique selectivity of the Cu-complex derived from NHC-Ag(I) 3, which readily 
initiates vinyl addition with exceptional site (>98% SN2) and group selectivity (<2% 
3.27). It may be that the sulfonate-containing bidentate NHC-metal complex exhibits 
different orientation in the transition state as explained in Chapter 1 (discussed in detail in 
section 3.3.5).  
b
b c
a
b
a b
c  
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We also examined the efficiency of catalytic EAV in the presence of an NHC-Cu 
complex generated in situ by deprotonation of the imidazolinium salt with the 
vinylaluminum reagent, followed by the complexation with a Cu salt. When 
imidazolinium salt I-3, precursor to NHC-Ag(I) 3, is used, the reaction is less efficient, 
affording 77% conversion (24 h, ‒15 °C) and 3.25 is formed in >99:<1 er (>98% E and 
SN2’). There is, however, <2% conversion in the presence of tetrafluoroborate 
imidazolinium salt I-4, as illustrated in Scheme 3.8.  
 
3.3.2 Cu-Catalyzed EAVs of Various Allylic Phosphates with Vinylaluminum 
derived from 1-Octyne 
Various -disubstituted allylic phosphates undergo efficient allylic vinylation 
(Table 3.2); >98% conversion is obtained in 2‒6 h with 1 mol % of the chiral NHC-Cu 
complex derived from the reaction of 0.5 mol % NHC-Ag(I) 3 and 1 mol % CuCl2•2H2O. 
Transformations of trisubstituted allylic phosphates bearing an aryl substituent are shown 
in entries 1‒8. Cu-catalyzed alkylations of substrates bearing sterically demanding o-
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substituted aryl groups (entries 1, 2, 3, and 6) with vinyl-Al 3.24 are efficient and more 
enantioselective than reaction of the allylic phosphate bearing an unsubstituted phenyl 
(97.5:2.5 to >99:<1 er vs 96:4 er in entry 7), affording the desired SN2’ products with 
84‒94% yield. Allylic phosphates bearing electron-withdrawing aryl units (entries 2‒5) 
undergo EAV in 82‒94% yield and 93.5:6.5 to 98:2 er. The reaction in entry 9, an 
example of EAV of a trisubstituted olefin with an n-alkyl substituent, proceeds efficiently 
yet with less enantioselectivity (88% yield, 82.5:17.5 er). When modified NHC-Ag 
complex 7 is employed, the observed enantioselectivity of 3.36 is enhanced to 88.5:11.5 
er (entry 10 in Table 3.2). Cu-catalyzed EAV of the substrate bearing an electron 
donating ortho-methoxy group (entry 6) is the only example to provide 10% of the 
undesired SN2 addition. In addition, in all cases, only vinyl addition products are obtained 
(<2% i-Bu addition). 
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  EAV reactions of vinylaluminum reagent 3.24 derived from 1-octyne can be 
performed on disubstituted allylic phosphates to selectively provide 1,4-dienes 3.40, 3.41, 
and 3.42 in >98% SN2’, >98% E and >98% vinyl addition (<2% i-Bu addition) in 
88‒92% yield and in 78:22‒96.5:3.5 er (Table 3.3). Several points regarding the data in 
Table 3.3 merit mention: (1) As the examples in entries 1‒4 indicate, less sterically 
demanding disubstituted allylic phosphates 3.37 and 3.38 lead to less enantioselective 
transformations (78:22‒93:7 er), compared to data obtained with trisubstituted substrates 
in Table 3.2 (82.5:17.5 to >99:<1 er) or Si-substituted substrate 3.39 (96.5:3.5 er, entry 6 
in Table 3.3). (2) Reactions in the presence of modified NHC-Ag 7 proceed with higher 
enantioselectivities than those with NHC-Ag 3 (e.g., 78:22 er with 3 vs 89.5:10.5 er with 
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7, in entries 1 and 2). We hypothesize that NHC-Ag complex 7, bearing a monophenyl 
backbone, may induce a more sterically demanding environment than NHC 3 since 
rotation of the mesityl group should be more free for 7 due to the lack of the steric 
influence by the backbone phenyl. Thus, smaller disubstituted substrates (vs trisubstituted 
substrates) may require a more sterically demanding ligand for high enantioselectivity. 
Moreover, reactions in entries 1‒8 of Table 3.2 proceed with identical degrees of 
asymmetric induction when 3 or 7 are used. 
a
c
b
a b c
d  
The utility of this protocol is highlighted by the enantioselective syntheses of 
acyclic 1,4-diene 3.43 (95.5:4.5 er) and bicyclic diene 3.44 (93.5:6.3 er with 7; 84.5:15.5 
er with 3); transformations of vinyl bromides and cyclic alkenes proceed with excellent 
selectivities and in high yield (Scheme 3.9). 
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3.3.3  A Variety of Vinylaluminum Reagents in Cu-Catalyzed EAVs  
In addition to EAV involving vinylaluminum 3.24 from the hydroalumination of 
1-octyne, the corresponding processes with a variety of alkenylaluminum reagents, 
readily obtained from the terminal alkynes and DIBAL-H, were investigated. As 
summarized in Table 3.4, reactions of (E)-alkenylaluminum reagents that bear -
branched substituents 3.46 and 3.47 or an -branched cyclohexyl group 3.48 are 
promoted by 1 mol % NHC-Cu catalyst to afford efficient and selective vinyl group 
addition to trisubstituted allylic phosphate 3.45 at ‒15 °C. The SN2’ products 3.50‒3.52 
are obtained in 85‒91% yield and in 95.5:4.5‒96:4 er (>98% SN2’, >98% E selectivity, 
and >98% vinyl addition, entries 1‒3). Alkynes bearing sizable substituents (3.49) can be 
utilized; 1,4-diene 3.53 (entry 4, Table 3.4) is obtained in 93% yield and in 94:6 er in the 
presence of the Cu catalyst derived from 7 (91:9 er with 3). 
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The versatility of the method is illustrated by the preparation of enantiomerically 
enriched dienes 3.54‒3.58 in Scheme 3.10. Conjugated enynes can participate in 
hydroalumination followed by Cu-catalyzed alkylation to alkenes for the enantioselective 
synthesis of chiral diene 3.54 in 95:5 er and 74% yield. Hydroalumination and Cu-
catalyzed EAV tolerate a variety of functional groups. For example, products bearing 
versatile alkyl halide substituent23 can be synthesized (3.55 in 96:4 er). Tris(homoallylic) 
ether 3.56 and allylsilane 3.57 are obtained in 97:3 er and 95:5 er, respectively, and 
exclusively as the E alkene isomers. Allylether 3.58, in contrast, is formed with >98% Z 
selectivity (90:10 er).24 In the latter case, the initial hydroalumination is likely directed by 
                                                 
(23)  For hydrolalumination of halogen-containing alkynes, see: Gardette, M.; Jabri, N.; Alexakis, A.; 
Normant, J. F. Tetrahedron 1984, 40, 2741‒2750. 
(24) For directed hydroalumination of propargylic t-butyl ethers, see: (a) Alexakis, A.; Duffault, J. M. 
Tetrahedron Lett. 1988, 29, 6243‒6246. For a review on directed reactions, see: (b) Hoveyda, A. H.; Evans, 
D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307‒1370. 
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the proximal Lewis basic, albeit sterically encumbered, t-butoxy ether to generate the cis-
vinylaluminum through a five membered intramolecular chelate. 
 
For efficient synthesis of tertiary stereogenic centers bearing vinyl units through 
the described hydroalumination/EAV reactions, there are five distinct selectivities that 
must be fully controlled. The site- (terminal vs internal vinylaluminum) and 
stereoselectivities (E- vs Z-olefin) in generation of the aluminum reagents, followed by 
regio- (SN2’ vs SN2), group transfer- (i-Bu vs vinyl group), and enantioselectivities in 
allylic vinylations are competing pathways that can lead to undesired side products. It 
should be noted that all transformations promoted by chiral bidentate NHC-sulfonate-Cu 
complex give rise to the desired products with complete control of all of the 
aforementioned selectivities, except in the EAV of ortho-methoxy phenyl-substituted 
allylic phosphate in which the product is obtained in a 90:10 SN2’:SN2 (entry 6 of Table 
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3.2). The catalyst control over enantiotopic differentiation in the alkylation is high and 
the vinyl addition products are obtained in er varying from 90:10 to >99:<1 er.  
3.3.4  Single-vessel Gram-scale Synthesis of Vinylaluminum and Catalytic EAV 
The utility of this method is showcased by the one-pot, gram-scale transformation 
in Scheme 3.11. Treatment of 1-octyne with DIBALH in hexanes at 55 °C for 5 h affords 
the vinyl aluminum to which a THF solution of NHC-Ag(I) complex 3 (0.5 mol %) and 
CuCl2•2H2O (1 mol %, from a commercial source) is added, followed by the addition of 
1.42 grams of allylic phosphate 3.45; this one-pot procedure results in the formation of 
enantiomerically enriched 1,4-diene 3.34 in a 94% isolated yield and in 96:4 er (>98% E, 
>98% SN2’) with similar results obtained from smaller scale reactions (84% yield and 
96:4 er in entry 7 of Table 3.2 for a 0.2 mmol scale reaction with 3.45). The Cu-catalyzed 
three-component enantioselective process was performed on a bench top.  
 
3.3.5  Proposed Mechanistic Models 
 We propose a transition state model for NHC-Cu-catalyzed EAV in Scheme 3.12 
to account for high enantioselectivity. We assume that alkene-Cu complexation will be a 
significant factor in the stereochemistry-determining step. Based on the configuration of 
sulfonate-bearing NHC-Zn(II) alkyl complex discussed in Chapter 1 and 2,  a monomeric 
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NHC-cuprate(I) vinyl complex with tetrahedral geometry, such as 3-I, may be the resting 
state of the active chiral complex as shown in Scheme 3.12. The most accessible mode of 
complexation for substrate 3.45 to cuprate 3-I is presented in TS-3.1 where the sizable 
phenyl group on 3.45 is pointing away from the bulk of the mesityl group to avoid 
unfavorable steric interactions with the NHC ligand (as pictured in TS-3.2).  
 
We suggest that preorganization between the NHC-cuprate 3-I and substrate 3.45 
may occur through chelation of the Lewis basic oxygens of the phosphate of the substrate 
and the sulfonate of the NHC by a Lewis acidic aluminum salt. We propose that the 
sulfonate oxygen is disposed pseudoequatorially and thus can play a critical role in 
enhancing the activity and selectivity of the sulfonate-bearing NHC. To support the 
significance of the chelating effect, the EAV reactions of allylic chloride 3.37a and 
allylic bromide 3.37b were examined and were found to result in <10% conversion 
(Scheme 3.13).  
Chapter 3, Page 276  
 
 
Allylic chloride 3.37c bearing an ester group, which is capable of chelation with a 
Lewis acidic aluminum salt, also does not undergo vinylation (<2% conv, Scheme 3.13). 
We reason that chelation between Lewis basic oxygen of ester group on 3.37c with an 
aluminum salt would direct improperly the alkene to a coordination site on Cu as shown 
in TS-3.3, which would be unproductive in alkylation (Scheme 3.14). Poor Cu-alkene 
complexation may lead to an inefficient reaction with ester containing allylic chloride 
3.37c. The aforementioned models offer a plausible rationale for the ineffectiveness of 
phenoxy-bearing bidentate NHC complex 2 in EAV. The positioning of the Lewis basic 
directing group of NHC 2 is less removed from the Cu center in comparison with the 
oxygen on NHC-sulfonate 3. Thus, as proposed in TS-3.4, the substrate•catalyst complex 
derived from NHC 2 would not allow for proper alignment between the alkene and Cu 
complex.  
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3.4 Cu-Catalyzed EAV Reactions for Formation of All-Carbon 
Quaternary Stereogenic centers 
 Our research regarding Cu-catalyzed EAV reactions with readily accessible 
vinylaluminum reagents was continued with the investigation of methods for the efficient 
synthesis of all-carbon quaternary stereogenic centers in high enantiomeric purity. 
Transformations of the corresponding -disubstituted allylic phosphates would allow 
access to products that bear quaternary stereogenic centers with a 1,4-diene moiety. 
Considering this structural motif is abundant in natural products (see: Figure 3.1), we 
sought to develop EAV for application towards total synthesis. For example, the concise 
enantioselective synthesis of (‒)-bakuchiol can be realized through stereoselective 
hydroalumination of ortho-methoxyphenyl acetylene with DIBAL-H (both are 
commercially available), followed by Cu-catalyzed EAV of geranyl-phosphates, as 
shown in Scheme 3.15.  
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 Cu-catalyzed EAV reactions of trisubstituted allylic phosphates are promoted by a 
chiral bidentate NHC-Ag complex and air stable CuCl2•2H2O to afford the sterically 
congested 1,4-diene products with >98% E, >98% SN2’ selectivity and >98% vinyl 
transfer. This disclosure puts forth the first method for catalytic EAV involving 
vinylmetal reagents to generate all-carbon quaternary stereogenic centers. 
3.4.1  Identification of an Optimal Chiral NHC-Cu Complex and Conditions 
 We began by examining modified NHC-Ag(I) complexes bearing a sulfonate unit, 
which was found to be essential for efficient and selective alkylations of aluminum-based 
reagents. As shown in Scheme 3.16, in the presence of 1 mol % NHC-Cu catalysts, 
derived from reaction of NHC-Ag complexes 3, 7, or 9 with CuCl2•2H2O, vinylation is 
promoted between trisubstituted substrate 3.59 with in situ prepared vinyl-Al 3.24 to 
afford the desired product 3.60 with high selectivities in 3 hours (>98% conv, >98% E 
and >98% SN2’ selectivities). Modified NHC ligands afford essentially the similar level 
of enantioselectivity (93.5:6.5‒95:5 er). In contrast, chiral monodentate NHC 4 is 
ineffective; after 5 days, only 58% conversion is obtained in low enantioselectivity 
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(61:39 er) and site selectivity (43:57 SN2’:SN2). This result supports the unique attribute 
of bidentate NHC-sulfonate ligands as potential bifunctional catalysts.  
 
In our previous study, we prepared vinylaluminum reagents at 55 oC for 5 hours 
to afford 88% conversion, as shown in eq 3.4 of Scheme 3.17. The practicality of the 
preparation of the vinylaluminum reagents can be enhanced by performing the 
hydroalumination of 1-octyne with DIBAL-H at 22 oC (eq 3.5). After 24 hours, 
hydroalumination proceeds to 83% conversion, similar to reaction at 55 oC for 5 hours, 
and after 6 hours at 22 oC, 77% conversion can be obtained. Use of the vinylaluminum 
Chapter 3, Page 280  
 
reagent prepared at 22 oC in EAV of 3.59 at ‒15 oC (eq 3.6) provides the same efficiency 
and selectivities as those presented in Scheme 3.17. Furthermore, when the reaction 
temperature is raised to 22 oC, the reaction is complete in only 10 min, affording the 
desired product with similar selectivities observed at –15 oC (94:6 er vs 95:5 er, >98% 
SN2’, >98% E). These studies led us to establish that EAV with vinylaluminum reagents 
is not only efficient and selective, but also highly practical as reactions can be performed 
at ambient temperature. 
 
3.4.2  Cu-Catalyzed EAV of Various -Disubstituted Allylic Phosphates with Vinyl-
Al Reagents 
A variety of -disubstituted allylic phosphates bearing aryl groups as well as 
aliphatic substituents can be utilized efficiently in Cu-catalyzed enantioselective 
additions of vinylaluminum reagent 3.24, generating quaternary stereogenic centers in 
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91.5:8.5‒98:2 er with 83‒97% yields (Table 3.5).  In all the transformations examined, 
>98% SN2’ and >98% E selectivities are observed and products derived from the addition 
of an i-Bu unit are not detected (<2%, analysis by 400 MHz 1H NMR). The data 
summarized in entries 1‒8 of Table 3.5 indicate that increasing the steric bulk of aryl-
substituted substrates (ortho-substituted phenyl groups) gives rise to higher 
enantioselectivities  (96.5:3.5‒98:2 er, entries 1‒7) versus with the unsubstituted phenyl 
3.59 (95:5 er) or with p-nitrophenyl-substituted substrate (94.5:5.5 er, in entry 8).  
d
a
bb c
a b c
d e
e
e
 
EAV reactions with vinylaluminum reagent 3.24 require a reaction time of 3 
hours at ‒15 °C for complete conversion and high enantioselectivity. In some cases, 
however, performing the reaction at an increased temperature of 22 °C does not diminish 
Chapter 3, Page 282  
 
enantioselectivity and reactions are complete within 30 min. For example, products 3.62 
and 3.64 are obtained in 97.5:2.5 er and 96.5:3.5 er at 22 °C after 30 min (respectively, 
entries 3 and 6), compared to 98:2 er at ‒15 °C for 3 h (entries 2 and 5). EAV reactions of 
aliphatic-substituted phosphates that bear a cyclohexyl (entry 9), silyl (entry 10), and tert-
butyl ester (entry 11) group are efficient, but less enantioselective than those of aryl-
substituted substrates (91.5:8.5‒95.5:4.5 er vs 94.5:5.5‒98:2 er), affording the SN2’ 
products 3.67‒3.69 with 85‒89% yield after isolation. 
 
Hydroalumination and subsequent Cu-catalyzed allylic vinylation can be carried 
out on a range of terminal alkynes bearing a variety of functional groups (Scheme 3.18). 
The corresponding transformations are functional group tolerant thus affording the 
desired products including tert-butyl ether 3.70, chloride 3.71, and triene 3.72 with high 
efficiency and enantioselectivity (96:4‒97.5:2.5 er) promoted by only 1 mol % NHC-Cu 
catalyst.    
3.4.3  Approach to Total Synthesis of Bakuchiol 
With the development of an efficient and highly selective method for tandem 
hydroalumination and Cu-catalyzed EAV, we sought to apply the protocol towards the 
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enantioselective synthesis of bakuchiol, a monoterpenoid phenol. 25  Since the first 
enantioselective synthesis of bakuchiol reported by Takano and coworkers in 1990, 
several groups have contributed efforts towards its total synthesis, however, the target 
molecule is obtained in a route with greater than 10 steps in all examples. Therefore, as 
the retrosynthesis presented in Scheme 3.15 depicts, we plan to generate the 
enantiomerically enriched all-carbon quaternary stereogenic centers through an one-pot 
Cu-catalyzed EAV using vinyl-Al reagents, followed by demethylation of the methoxy 
phenyl group to achieve total synthesis of bakuchiol.     
We initiated the synthesis through preparation of trisubtituted allylic phosphate 
3.77 delivered from treatment of commercially available geraniol 3.76 with diethyl 
chlorophosphate in a 95% yield, as illustrated in Scheme 3.18.26 Hydroalumination of 
commercially available para-methoxyphenyl acetylene 3.73 was carried out with 
DIBAL-H at 55 °C for 2 hours to prepare the styrenylaluminum reagent. Unlike 
hydroaluminations of aliphatic-substituted alkynes, however, the corresponding process 
with arylacetylene 3.73, which possesses an acidic proton, leads to deprotonation of the 
acetylene by the in situ-generated vinylaluminum 3.74, thus generating 34% of  
alkynylaluminum 3.75 accompanied by 66% of the desired vinylaluminum reagent 
                                                 
(25) For examples of enantioselective total syntheses of bakuchiol, see: (a) Takano, S.; Shimazaki, Y.; 
Ogasawara, K. Tetrahedron Lett. 1990, 31, 3325‒3326. (b) Sakakiyama, S.; Yamamoto, K.; Asaoka, M. 
Nat. Prod. Lett. 1999, 14, 1. (c) Du, X.-L.; Chen, H.-L.; Feng, H.-J.; Li, Y.-C. Helv. Chim. Acta 2008, 91, 
371‒378. (d) Esumi, T.; Shimizu, H.; Kashiyama, A.; Sasaki, C.; Toyota, M.; Fukuyama, Y. Tetrahedron 
Lett. 2008, 49, 6846‒6849. (e) Bequette, J. P.; Jungong, C. S.; Novikov, A. V. Terahedron Lett. 2009, 50, 
6963–6964. 
(26) Unpublished results carried by Fang Gao in our laboratory.  
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3.74.27 When a 66:34 mixture of vinyl- and alkynyl aluminum reagents is employed in 
the Cu-catalyzed EAV of allylic phosphate 3.77 in the presence of 0.5 mol % NHC-Ag 
complex 3 and 1 mol % CuCl2•2H2O, 50% of vinyl addition product 3.78 is obtained in 
appreciable enantioselectivity (86.5:13.5 er) along with 50% of undesired alkynyl 
addition product 3.79 in 90:10 er with an 85% yield of the inseparable mixture (Scheme 
3.19). All attempts to reduce the competitive deprotonation in the direct 
hydroalumination of arylacetylene proved unsuccessful.  
 
Recently, our laboratories have developed an efficient method for Ni-catalyzed 
site- (terminal vs internal-Al reagents) and chemoselective hydroalumination (vs 
deprotonation) of readily accessible aryl- or aliphatic-substituted terminal alkynes with 
                                                 
( 27 ) It is reported that hydroalumination of phenylacetylene with DIBAL-H at 50 °C affords 70% 
vinylaluminum and 30% alkynylaluminum. See: Zweifel, G.; Snow, J. T.; Whitney, C. C. J. Am. Chem. Soc. 
1968, 90, 7139‒7141. 
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DIBAL-H.28 It is found that Ni catalysts promote hydroaluminations of arylacetylenes to 
predominantly generate the vinyl-Al species (<10% alkynylaluminums from 
deprotonation). This observation allowed us to achieve the total synthesis of bakuchiol26 
through the intermediacy of a vinyl group addition product in appreciable yields. In the 
presence of 1 mol % Ni(cod)2, treatment of 3.73 with 1 equivalent of DIBAL-H in 
hexanes at 22 °C for 2 h delivers 82% of the desired vinyl-Al 3.74 with only 5% of the 
alkynylaluminum species 3.75, along with 13% of the internal vinylaluminum 3.80, 
found to be unreactive in this EAV (Scheme 3.20).29 The derived styrenylaluminum 
reagent 3.74 is efficiently promoted by modified NHC-sulfonate ligand 10 towards the 
allylic substitution of allylic substrate 3.77 at ‒15 °C for 8 hours to afford triene 3.78 in 
90:10 er with 79% yield (9% alkynyl addition product), as illustrated in Scheme 3.20. 
After deprotection of the methyl group of the para-methoxyphenyl with MeMgI at 
180 °C, (+)-bakuchiol is obtained with 80% yield and in 90:10 er.  
                                                 
(28) Gao, F.; Hoveyda, A. H. manuscript in preparation. 
(29) Conditions for the Ni-catalyzed hydroalumination of 3.73 is not optimal.  
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The one-pot, efficient, and selective hydroalumination/Cu-catalyzed EAV is 
highlighted by the three step enantioselective synthesis of (+)-bakuchiol with 60% overall 
yield.30 
 
3.5 Conclusions 
 We have developed highly site- and enantioselective Cu-catalyzed allylic vinyl 
group additions of readily accessible vinylaluminum reagents promoted by chiral 
bidentate sulfonate-bearing NHC ligands in the presence of commercially available and 
                                                 
(30) The conditions for the hydroalumination/Cu-catalyzed EAV step are not optimized.  
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air stable CuCl2•2H2O. Aluminum reagents can be prepared from site- and stereoselective 
hydroalumination of terminal alkynes with commercially available and inexpensive 
DIBAL-H and used directly without further purification. Cu-catalyzed EAV reactions 
with a variety of -disubstituted, -disubstituted as well as disubstituted allylic 
phosphates give rise to the SN2’ products with exceptional regio- (>98% SN2’) and group 
selectivities (<2% i-Bu addition), and with high enantioselectivities (up to >99:<1 er).  
In contrast to transformations involving the aliphatic-substituted terminal alkynes, 
the preparation of aryl-substituted vinylaluminum reagents through direct 
hydroalumination is limited due to the competitive formation of significant amounts of 
the alkynylaluminum reagents by the facile deprotonation of the arylacetylenes. Ni-
catalyzed hydroalumination has become the solution to this problem, such that efficient 
and selective additions of styrenyl aluminum reagents to allylic substrates are possible. 
The enantioselective total synthesis of the natural product bakuchiol has been achieved in 
three steps (60% overall yield) underlining the versatility of the one-pot 
hydroalumination/Cu-catalyzed EAV process.  
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3.6 Experimentals 
Genenral. Infrared (IR) spectra were recorded on a Nicolet 210 spectrophotometer, max 
in cm-1. Bands are characterized as strong (s), medium (m), and weak (w). 1H NMR 
spectra were recorded on a Varian Unity INOVA 400 (400 MHz) spectrometer. Chemical 
shifts are reported in ppm from tetramethylsilane with the solvent resonance as the 
internal standard (CDCl3: 7.26 ppm). Data are reported as follows: chemical shift, 
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = 
multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on a Varian 
Unity INOVA 400 (100 MHz) spectrometer with complete proton decoupling. Chemical 
shifts are reported in ppm from tetramethylsilane with the solvent resonance as the 
internal standard (CDCl3: 77.16 ppm). High-resolution mass spectrometry was performed 
on a Micromass LCT ESI-MS (positive mode) at the Mass Spectrometry Facility, Boston 
College and at the University of Illinois Mass Spectrometry Laboratories (Urbana, 
Illinois). Elemental microanalyses were performed at Robertson Microlit Laboratories 
(Madison, NJ). Enantiomer ratios were determined by analytical liquid chromatography 
(HPLC) Shimadzu chromatograph (Chiral Technologies Chiralpak AS (4.6 x 250 mm), 
Chiral Technologies Chiralpak OD (4.6 x 250 mm), Chiral Technologies or Chiralpak 
OD-R (4.6 x 250 mm)) in comparison with authentic racemic materials. Optical rotations 
were measured on a Rudolph Research Analytical Autopol IV Polarimeter. 
 Unless otherwise noted, all reactions were carried out with distilled and degassed 
solvents under an atmosphere of dry N2 in oven- (135 oC) and flame-dried glassware with 
standard dry box or vacuum-line techniques. All work-up and purification procedures 
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were carried out with reagent grade solvents (purchased from Doe & Ingalls) in air. All 
substrates31, 32 possess E-olefin geometry; purity established by 1H NMR analysis (400 
MHz). Unless otherwise noted, all alkyne substrates were used as received from 
commercial sources without purification. 
 
3.6.1  Reagents and Ligands 
9-Borabicyclo[3.3.1]nonane (0.5 M solution in THF): purchased from Aldrich 
Chemical Co. and used without further purification. 
Copper (II) chloride (dihydrate): purchased from Aldrich Chemical Co. and used 
without further purification. 
Copper (I) cyanide: purchased from Strem Chemicals Inc. and used without further 
purification. 
Dichloromethane: purified by being passed through two alumina columns under a 
positive pressure of dry argon by a modified Advanced ChemTech purification system. 
Diethylchlorophosphate: purchased from Aldrich and used as received. 
Diethylether: purified by being passed through two alumina columns under a positive 
pressure of dry argon by a modified Advanced ChemTech purification system. 
Diisobutyl aluminum hydride (neat): purchased from Aldrich Chemical Co. and used 
as received. 
                                                 
(31) Luchaco-Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2001, 40, 
1456–1460. 
(32) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 
4554–4558. 
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1-Ethynylcyclohexene: purchased from Aldrich and purified by distillation over CaH2 
under N2. 
Hexanes: purified through Cu and alumina columns under a positive pressure of dry 
argon by a modified Advanced ChemTech purification system. 
Hydrogen peroxide (35% wt solution in water): purchased from Aldrich Chemical Co. 
and used without further purification. 
NHC-Ag 1: prepared according to a previously reported procedure.33 
NHC-Ag 2: prepared according to a previously reported procedure.34 
NHC-Ag 3: prepared according to a previously reported procedure.35 
NHC-Ag 9: prepared according to a previously reported procedure.36 
NHC-Ag 10: prepared according to a previously reported procedure.37 
Tetrabutyl ammonium fluoride (1 M solution in THF): purchased from Acros and 
used as received. 
Tetrahydrofuran: distilled under N2 from sodium benzophenone ketyl. 
Triethylamine: distilled from CaH2. 
Triethylphosphonoacetate: purchased from Aldrich Chemical Co. and used without 
further purification. 
Silver (I) oxide: prepared by previously reported methods.34 
                                                 
(33) Larsen, A. O.; Leu, W.; Nieto-Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 
126, 11130–11131. 
(34) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. 
(35) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097–
1100. 
(36)  May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 7358‒7362. 
(37) Akiyama, K.; Gao, F.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2010, 49, 419‒423. 
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Vinylaluminum reagents: prepared according to a previously reported procedure.38 
NHC-Ag 7. Imidazolinium salt I-16 (50.0 mg, 0.119 mmol), Ag2O (109 mg, 0.476 mmol) 
and oven-dried powdered <5 micron 4Å MS (ca. 50 mg) were weighed out into an oven-
dried 2 x 8 cm vial under a N2 atmosphere in a glove box. The vial was sealed with a 
septum, removed from the glove box and wrapped with aluminum foil to exclude light. 
Tetrahydrofuran (1.5 mL) followed immediately by benzene (1.5 mL) were added 
through a syringe resulting in a black heterogeneous mixture. The vial was sealed with a 
screw cap and the mixture was allowed to stir at 80 C (oil bath). After 1.5 h, the mixture 
was allowed to cool to 22 C and filtered through a short plug of Celite 545 (4 x 1 cm) 
eluted with THF (ca. 20 mL). The solution was then concentrated in vacuo to afford 45 
mg (0.0850 mmol, 71.4%) of NHC-Ag complex 7 as a white solid, which was stored 
under low light conditions. mp: 240 C (decomp); IR (neat): 3468 (b), 3067 (w), 3033 
(w), 2944 (w), 2923 (w), 1640 (m), 1607 (m), 1590 (m), 1569 (m), 1484 (s), 1438 (s), 
1265 (s), 1210 (s), 1142 (m), 1092 (m), 1024 (s), 1007 (w), 902 (m), 847 (m), 771 (m), 
729 (s), 699 (s), 611 (m), 564 (m), 522 (w) cm-1; 1H NMR (CDCl3, 400 MHz):  8.18 (1H, 
d, J = 7.2 Hz), 7.30-7.23 (5H, m), 6.80 (1H, s), 6.73 (1H, t, J = 7.6 Hz), 6.62 (1H, s), 6.25 
(1H, d, J = 7.2 Hz), 6.13-6.09 (1H, m), 4.31-4.25 (1H, m), 3.70-3.65 (1H, m), 2.30 (3H, 
s), 2.27 (3H, s), 1.93 (3H, s); 13C NMR (CDCl3, 100 MHz):  206.5 (Ccarbene, d, J = 185.5 
Hz), 143.3, 139.9, 137.4, 137.2, 135.8, 135.5, 135.1, 130.7, 130.2, 129.5, 129.0, 128.6, 
128.4, 128.3, 68.1, 60.2, 21.4, 18.8, 18.0; Elemental Analysis: Anal Calcd for 
                                                 
(38) Negishi, E.; Takahashi, T.; Baba, S. Org. Synth., Coll. 1993, 8, 295–297. 
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C24H23AgN2O3S: C, 54.66; H, 4.40; N, 5.31; Found: C, 54.75; H, 4.83; N, 5.02; Optical 
Rotation: []D20 +70.1 (c  0.727, CHCl3).  
 
3.6.2  Experimental Procedures and Characterization Data 
 Representative experimental procedure for Cu-catalyzed enantioselective allylic 
alkylations of vinylaluminum reagents to (E)-diethyl 2-methyl-3-phenylallyl 
phosphate (3.45): In a N2 filled glovebox, an oven-dried 13 x 100 mm test tube was 
charged with NHC-Ag (I) complex 3 (1.20 mg, 1.00 x 10-3 mmol, 0.005 equiv), sealed 
with parafilm, and removed from the glovebox. To a chiral NHC-Ag (I) complex 3 under 
a nitrogen atmosphere were added THF (1 mL) and a solution of CuCl2•2H2O (0.02 M in 
THF, 100 L, 2.00 x 10-3 mmol, 0.010 equiv). The light blue solution was allowed to 
cool to –78 °C (dry ice/acetone bath) and solution of vinylaluminum reagent 3.24 (1.0 M 
in hexanes, 400 L, 0.400 mmol, 2.00 equiv) was added, followed by addition of (E)-
diethyl 2-methyl-3-phenylallyl phosphate (3.45)  (56.8 mg, 0.200 mmol, 1.00 equiv) as a 
solution in THF (1 mL) through a syringe. The mixture was allowed to warm to –15 °C 
(freezer) and stir for 3 h. After this time, the solution was allowed to cool to –78 °C (dry 
ice/acetone bath) and was quenched through addition of a saturated aqueous solution of 
Rochelle’s salt (sodium potassium tartrate) (3 mL). The aqueous layer was washed with 
Et2O (3 x 2 mL) and the organic layers were passed through a short plug of MgSO4 
eluted with Et2O. The resulting solution was concentrated in vacuo to provide a yellow 
oil, which was purified by silica gel column chromatography (100% pentane) to afford 
the desired product 3.34 as colorless oil (40.8 mg, 0.160 mmol, 84%). 
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 Representative experimental procedure for Cu-catalyzed enantioselective allylic 
alkylations of vinylaluminum reagents to (E)-diethyl 2-methyl-3-phenylallyl 
phosphate (3.45) on gram scale: An oven-dried 125 mL round bottom flask equipped 
with reflux condenser was charged with 1-octyne (1.48 mL, 10.0 mmol, 2.00 equiv), 
which was dissolved in dry hexanes (3.70 mL) under a nitrogen atmosphere. 
Diisobutylaluminum hydride (1.78 mL, 10.0 mmol, 2.00 equiv) was added through a 
syringe at 0 oC (ice bath). The solution was allowed to warm to 55 oC (oil bath) and stir 
for 5 h. At this time, the solution was allowed to cool to –25 oC (dry ice/acetone-H2O 
bath) and the solution of CuCl2•2H2O (8.50 mg, 5.00 x10-2 mmol, 0.010 equiv) and 
NHC-Ag (I) complex 3 (30.2 mg, 2.50 x10-2 mmol, 0.005 equiv) in THF (25.0 mL) was 
added through a syringe. A solution of the (E)-diethyl 2-methyl-3-phenylallyl phosphate 
(3.45) (1.42 g, 5.00 mmol, 1.00 equiv) in THF (20.0 mL) was added to the above solution 
by a syringe. The mixture was allowed to stir for 6 h at –15 °C (Freezer). The solution 
was allowed to cool to –78 °C (dry ice/acetone bath), and the reaction was quenched 
through the addition of a saturated aqueous solution of Rochelle’s salt (sodium potassium 
tartrate) (20 mL). The aqueous layer was washed with Et2O (3 x 20 mL) and the organic 
layers were collected, dried with MgSO4, filtered and concentrated in vacuo to provide 
yellow oil. The yellow oil was purified by silica gel column chromatography (100% 
petroleum ether) to afford the desired product 3.34 as colorless oil (1.14 g, 4.69 mmol, 
94%). 
(S, E)-1-Methyl-2-(2-methylundeca-1,4-dien-3-yl)benzene (3.25). IR (neat): 3070 (w), 
3019 (w), 2956 (s), 2925 (s), 2854 (s), 1645 (w), 1487 (m), 1460 (m), 1376 (m), 972 (m), 
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894 (m), 755 (m), 742 (m), 730 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.25-7.09  (4H, 
m, ArH), 5.61 (1H, ddt, J = 15.2, 7.2, 1.2 Hz, CCH=CHC), 5.34  (1H, dt, J = 15.2, 6.8, 
1.2 Hz, CCH=CHC), 4.93 (1H, s, C=CHH), 4.74 (1H, s, C=CHH), 4.06 (1H, d, J = 7.2 
Hz, CHC(CH3)=CH2), 2.29 (3H, s, ArCH3), 2.03(2H, dt, J = 6.8, 6.8 Hz, CH=CHCH2), 
1.66 (3H, s, C(CH3)=CH2), 1.36-1.25 (8H, m, (CH2)4CH3), 0.87 (3H, t, J = 6.8 Hz, 
(CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ147.5, 141.0, 136.6, 132.0, 131.1, 130.4, 
127.7, 126.2, 126.0, 112.3, 52.8, 32.8, 31.9, 29.6, 29.0, 22.8, 22.6, 19.6, 14.3; HRMS 
(ESI+): Calcd for C19H29 [M+H]: 257.2269, Found: 257.2263. Elemental Analysis: Anal 
Calcd for C19H28: C, 88.99; H, 11.01; Found C, 88.70; H, 10.88. Optical Rotation: []D20 
–27.1 (c 1.11, CHCl3) for an enantiomerically enriched sample of  >99<1 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(>99:<1 er shown; Chiralcel OD column, 99.6/0.4 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
Four peaks from two diastereomers of the derived alcohol are shown below: 
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(S,E)-1-Bromo-2-(2-methylundeca-1,4-dien-3-yl)benzene (3.29). IR (neat): 3081 (w), 
2956 (m), 2925 (s), 2854 (m), 1645 (w), 1466 (m), 1436 (m), 1375 (m), 1022 (m), 970 
(m), 895 (m), 750 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.55-7.53 (1H, m, ArH), 
7.27-7.20 (2H, m, ArH), 7.08-7.04 (1H, m, ArH), 5.57 (1H, ddt, J =15.2, 7.6, 1.6 Hz, 
CCH=CHC), 5.40  (1H, dtd, J = 15.6, 6.4, 0.8 Hz, CCH=CHC), 4.96 (1H, s, C=CHH), 
4.73 (1H, s, C=CHH), 4.36 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 2.13 (2H, dt, J = 6.8, 
6.8 Hz, CH=CHCH2), 1.69 (3H, s, C(CH3)=CH2), 1.37-1.23 (8H, m, (CH2)4CH3), 0.87 
(3H, t, J = 6.8 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 147.0, 142.0, 133.0, 
133.0, 130.1, 129.5, 127.8, 127.4, 125.6, 112.6, 54.2, 32.7, 31.8, 29.4, 28.9, 22.7, 22.6, 
14.2; HRMS (ESI+): Calcd for C18H26Br [M+H]: 321.1217, Found: 321.1218. Elemental 
Analysis: Anal Calcd for C18H25Br: C, 67.29; H, 7.84; Found C, 67.23; H, 7.95. Optical 
Rotation: []D20 +7.58 (c 0.87, CHCl3) for an enantiomerically enriched sample of 98:2 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (98:2 
er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). Peaks from 
two diastereomers of the derived alcohol are shown below: 
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(S,E)-1-(2-Methylundeca-1,4-dien-3-yl)-2-nitrobenzene (3.30). IR (neat): 3081 (w), 
2956 (s), 2926 (s), 2855 (s), 1646 (m), 1606 (m), 1577 (w), 1529 (s), 1445 (m), 1354 (s), 
1295 (w), 973 (m), 898 (m), 852 (m), 784 (m), 745 (m), 709 (w), 678 (w) cm–1; 1H NMR 
(400 MHz, CDCl3): δ 7.78 (1H, dd, J = 8.0, 1.6 Hz, ArH), 7.53 (1H, td, J = 8.0, 1.6 Hz, 
ArH), 7.42 (1H, dd, J = 8.0, 1.6 Hz, ArH), 7.34 (1H, td, J = 8.4, 1.6 Hz, ArH), 5.53 (1H, 
ddt, J = 15.2, 7.6, 1.2 Hz, CCH=CHC), 5.44 (1H, dt, J = 15.2, 6.8 Hz, CCH=CHC), 4.93 
(1H, s, C=CHH), 4.65 (1H, s, C=CHH), 4.59 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 2.04 
(2H, dt, J = 7.2, 6.8 Hz, CH=CHCH2), 1.71 (3H, s, C(CH3)=CH2), 1.35-1.25 (8H, m, 
(CH2)4CH3), 0.87 (3H, t, J = 6.8 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 150.2, 
146.7, 137.3, 134.0, 132.5, 130.2, 129.6, 127.3, 124.5, 112.8, 49.8, 32.7, 31.8, 29.4, 29.0, 
22.8, 22.8, 14.2; HRMS (ESI+): Calcd for C18H26NO2 [M+H]: 288.1963, Found: 
288.1972. Elemental Analysis: Anal Calcd for C18H25NO2: C, 75.22; H, 8.77; N, 4.87; 
Found C, 75.47; H, 9.06; N, 4.92. Optical Rotation: []D20 –17.7 (c 1.55, CHCl3) for an 
enantiomerically enriched sample of 95.4:4.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
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hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (98:2 
er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 1.4 mL/min, 254 nm). Two 
peaks from one diastereomer of the derived alcohol are shown below: 
 
(S,E)-1-(2-Methylundeca-1,4-dien-3-yl)-4-nitrobenzene (3.31). IR (neat): 3081 (w), 
2956 (m), 2926 (s), 2854 (m), 1604 (m), 1596 (m), 1520 (s), 1490 (w), 1455 (w), 1375 
(w), 1346 (s), 1109 (w), 1015 (w), 971 (m), 898 (m), 851 (m), 744 (w), 698 (w) cm–1; 1H 
NMR (400 MHz, CDCl3): δ 8.17-8.14 (2H, m, ArH), 7.37-7.35  (2H, m, ArH), 5.56 (1H, 
ddt, J = 15.2, 7.6, 0.4 Hz, CCH=CHC), 5.44 (1H, dt, J = 15.2, 6.8 Hz, CCH=CHC), 4.97 
(1H, s, C=CHH), 4.84 (1H, s, C=CHH), 4.04 (1H, d, J = 8.0 Hz, CHC(CH3)=CH2), 2.04 
(2H, dt, J = 6.8, 6.8 Hz, CH=CHCH2), 1.64 (3H, s, C(CH3)=CH2), 1.41-1.17 (8H, m, 
(CH2)4CH3), 0.87 (3H, t, J = 6.8 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 150.5, 
146.3, 146.1, 133.4, 129.4, 128.8, 123.3, 112.9, 55.4, 32.3, 31.4, 29.4, 29.0, 22.4, 21.4, 
13.8; HRMS (ESI+): Calcd for C18H26NO2 [M+H]: 288.1963, Found: 288.1976. Optical 
Rotation: []D20 –65.1 (c 1.58, CHCl3) for an enantiomerically enriched sample of 93:7 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
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hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(94.5:5.5 er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 240 nm). 
Four peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-3-(2-Methylundeca-1,4-dien-3-yl)-phenyl 4-methylbenzenesulfonate (3.32). IR 
(neat): 2955 (m), 2925 (s), 2854 (m), 2361 (m), 2341 (w), 1645 (w), 1604 (w), 1482 (m), 
1439 (m), 1376 (s), 1209 (w), 1189 (s), 1178 (s), 1127 (w), 1093 (m), 971 (w), 931 (w), 
893 (w), 813 (m), 744 (w), 694 (w), 661 (m), 551 (m) cm–1; 1H NMR (400 MHz, CDCl3): 
δ 7.69-7.66 (2H, m, ArH), 7.29-7.25 (1H, m, ArH), 7.21 (1H, dd, J = 8.8, 8.8 Hz, ArH), 
7.07-7.05 (1H, m, ArH), 6.90 (1H, ddd, J = 8.0, 2.4, 1.2 Hz, ArH), 6.67 (1H, t, J = 1.6 Hz, 
ArH), 5.50 (1H, ddt, J = 15.2, 7.6, 1.2 Hz, CCH=CHC), 5.33 (1H, dtd, J = 15.2, 6.8, 0.4 
Hz, CCH=CHC), 4.83 (1H, s, C=CHH), 4.68 (1H, s, C=CHH), 3.80 (1H, d, J = 7.6 Hz, 
CHC(CH3)=CH2), 2.43 (3H, s, ArCH3), 2.00 (2H, dt, J = 6.8, 6.8 Hz, CH=CHCH2), 1.55 
(3H, s, C(CH3)=CH2), 1.34-1.25 (8H, m, (CH2)4CH3), 0.87 (3H, t, J = 6.8 Hz, 
(CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 149.9, 147.0, 145.3, 145.1, 132.9, 132.6, 
130.3, 129.8, 129.5, 128.8, 127.2, 122.1, 120.4, 112.5, 55.5, 32.7, 31.8, 29.4, 29.0, 22.8, 
21.8, 21.5, 14.2; HRMS (ESI+): Calcd for C25H33O3S [M+H]: 413.2150, Found: 
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413.2168. Elemental Analysis: Anal Calcd for C25H32O3S: C, 72.78; H, 7.82; Found C, 
72.79; H, 8.07. Optical Rotation: []D20 –36.9 (c 2.21, CHCl3) for an enantiomerically 
enriched sample of 93:7 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(93.5:6.5 er shown; Chiralcel OD column, 99.5/0.5 hexanes/i-PrOH, 1.5 mL/min, 220 
nm). Four peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-1-Methoxy-2-(2-methylundeca-1,4-dien-3-yl)benzene (3.33). IR (neat): 3079 (w), 
2955 (s), 2925 (s), 2854 (s), 1644 (w), 1598 (m), 1586 (w), 1490 (s), 1463 (m), 1438 (m), 
1371 (w), 1327 (w), 1287 (w), 1242 (s), 1187 (w), 1161 (w), 1106 (m), 1052 (m), 1032 
(m), 971 (m), 891 (m), 752 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.20-7.16 (2H, m, 
ArH), 6.93-6.85  (2H, m, ArH), 5.64 (1H, ddt, J = 15.2, 7.6, 1.2 Hz, CCH=CHCH2), 5.37 
(1H, dtd, J = 15.2, 6.8, 1.2, Hz, CCH=CHCH2), 4.87 (1H, s, C=CHH), 4.71 (1H, s, 
C=CHH), 4.35 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 3.81 (3H, s, OCH3), 2.04 (2H, dt, J 
= 7.2, 7.2 Hz, CH=CHCH2), 1.68 (3H, s, C(CH3)=CH2), 1.36-1.25 (8H, m, (CH2)4CH3), 
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0.87 (3H, t, J = 7.2 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 157.3, 148.2, 131.8, 
131.6, 131.1, 128.7, 127.3, 120.6, 111.4, 110.9, 55.8, 47.8, 32.8, 31.9, 29.6, 29.0, 22.8, 
22.6, 14.3. Elemental Analysis: Anal Calcd for C19H28O: C, 83.77; H, 10.36; Found C, 
84.11; H, 10.70. Optical Rotation: []D20 –13.9 (c 0.82, CHCl3) for an enantiomerically 
enriched sample of 97.5:2.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(97.5:2.5 er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 0.2 mL/min, 220 nm). 
Two peaks from one diastereomer of the derived alcohol are shown below: 
 
(S,E)-(2-Methylundeca-1,4-dien-3-yl)benzene (3.34). IR (neat): 3082 (w), 3026 (w), 
2956 (s), 2925 (s), 2854 (s), 1644 (m), 1600 (w), 1491 (m), 1450 (m), 1373 (w), 1073 (w), 
970 (m), 893 (m), 755 (m), 739 (m), 699 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.31-
7.22 (2H, m, ArH), 7.21-7.17 (3H, m, ArH), 5.70 (1H, ddt, J = 15.2, 7.6, 1.2 Hz, 
CCH=CHC), 5.42 (1H, dtd, J = 15.2, 6.8, 1.2 Hz, CCH=CHC), 4.90-4.89 (1H, m, 
C=CHH), 4.83-4.82 (1H, m, C=CHH), 3.92 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 2.06 
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(2H, dt, J = 6.8, 6.8 Hz, CH=CHCH2), 1.63 (3H, s, C(CH3)=CH2), 1.40-1.23 (8H, m, 
(CH2)4CH3), 0.87 (3H, t, J = 6.8 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 147.9, 
143.0, 132.2, 131.2, 128.3, 128.3, 126.2, 111.9, 56.0, 32.7, 31.8, 29.4, 28.9, 22.7, 21.7, 
14.2; HRMS (ESI+): Calcd for C18H27 [M+H]: 243.2112, Found: 243.2120. Elemental 
Analysis: Anal Calcd for C18H26: C, 89.19; H, 10.81; Found C, 89.19; H, 11.01. Optical 
Rotation: []D20 –56.8 (c 1.52, CHCl3) for an enantiomerically enriched sample of 96:4 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (96:4 
er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). Four peaks 
from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-1-(2-Methylundeca-1,4-dien-3-yl)naphthalene (3.35). IR (neat): 3054 (m), 2956 
(s), 2925 (s), 2853 (s), 2359 (m), 2341 (w), 1644 (m), 1633 (m), 1599 (m), 1506 (m), 
1455 (m), 1373 (m), 1270 (w), 970 (m), 894 (m), 856 (m), 815 (m), 744 (m), 473 (m) cm–
1; 1H NMR (400 MHz, CDCl3): δ 7.83-7.77 (3H, m, ArH), 7.65 (1H, s, ArH), 7.48-7.45 
(2H, m, ArH), 7.36 (1H, dd, J = 8.4, 1.6 Hz, ArH), 5.80 (1H, ddt, J = 15.2, 7.6, 1.2 Hz, 
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CCH=CHC), 5.47  (1H, dtd, J = 15.2, 6.8, 1.2 Hz, CCH=CHC), 4.97 (1H, s, C=CHH), 
4.91 (1H, s, C=CHH), 4.10 (1H, d, J = 8.0 Hz, CHC(CH3)=CH2), 2.07 (2H, dt, J = 6.8, 
6.8 Hz, CH=CHCH2), 1.72 (3H, s, C(CH3)=CH2), 1.42-1.24 (8H, m, (CH2)4CH3), 0.89 
(3H, t, J = 7.2 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 147.9, 140.6, 133.8, 
132.6, 132.5, 131.1, 128.0, 127.9, 127.8, 127.2, 126.6, 126.0, 125.5, 112.3, 56.2, 32.8, 
31.9, 29.5, 29.1, 22.8, 22.0, 14.3; HRMS (ESI+): Calcd for C22H29 [M+H]: 293.2269, 
Found: 293.2274. Elemental Analysis: Anal Calcd for C22H28: C, 90.35; H, 9.65; Found 
C, 90.45; H, 9.44. Optical Rotation: []D20 –73.0 (c 1.83, CHCl3) for an enantiomerically 
enriched sample of 95.5:4.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD-R column, 97.5/2.5 hexanes/i-PrOH, 1.0 mL/min, 254 
nm). Four peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(3-(Prop-1-en-2-yl)undec-4-enyl)benzene (3.36). IR (neat): 3064 (w), 3026 (w), 
2956 (s), 2925 (s), 2854 (s), 1643 (m), 1604 (w), 1496 (m), 1453 (m), 1372 (w), 968 (m), 
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888 (m), 748 (m), 697 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.29-7.25 (3H, m, ArH), 
7.19-7.15  (2H, m, ArH), 5.44  (1H, dt, J = 15.2, 6.8 Hz, CCH=CHC), 5.30 (1H, ddt, J = 
15.2, 7.6, 1.2 Hz, CCH=CHC), 4.76-4.74 (2H, m, C(CH3)=CHH), 2.65-2.50 (3H, m, 
ArCH2CH2 and CHC(CH3)=CH2), 2.01 (2H, dt, J = 6.8, 6.8 Hz, CH=CHCH2), 1.82-1.66 
(5H, m, ArCH2CH2 and CHC(CH3)=CH2 ), 1.37-1.25 (8H, m, (CH2)4CH3), 0.87 (3H, t, J 
= 6.8 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 148.2, 142.8, 132.5, 131.3, 128.5, 
128.4, 125.7, 110.2, 49.9, 34.8, 33.8, 32.7, 31.8, 29.6, 28.9, 22.8, 20.1, 14.2; HRMS 
(ESI+): Calcd for C20H31 [M+H]: 271.2425, Found: 271.2417. Elemental Analysis: Anal 
Calcd for C20H30: C, 88.82; H, 11.18; Found C, 88.53; H, 11.08. Optical Rotation: []D20 
+9.27 (c 1.72, CHCl3) for an enantiomerically enriched sample of 82.5:17.5 er.  
Enantiomeric purity was determined by chiral HPLC analysis in comparison with 
authentic racemic material obtained from the derived benzoylated alcohol, which was 
synthesized by hydroboration of the terminal olefin with 9-BBN, followed by oxidation 
with H2O2. The corresponding alcohol was esterified with benzoyl chloride (88.5:11.5 er 
shown; Chiralcel OD-R column, 99.8/0.2 hexanes/i-PrOH, 0.8 mL/min, 254 nm). Four 
peaks from two diastereomers of the derived alcohol are shown below: 
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(R,E)-Undeca-1,4-dien-3-ylbenzene (3.40). IR (neat): 3059 (w), 3081 (w), 3026 (w), 
2955 (s), 2926 (s), 2856 (s), 1693 (w), 1634 (w), 1600 (w), 1492 (m), 1451 (m), 1378 (m), 
1073 (m), 1029 (m), 969 (m), 915 (m), 758 (m), 700 (s) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 7.32-7.28 (2H, m, ArH), 7.22-7.18 (3H, m, ArH), 6.02 (1H, ddd, J = 16.8, 
10.0, 6.8 Hz, CH=CH2), 5.61 (1H, ddt, J = 15.6, 7.2, 1.6 Hz, CCH=CHC), 5.50 (1H, dtd, 
J = 15.2, 6.8, 0.8 Hz, CCH=CHC), 5.11 (1H, d, J = 10.0 Hz, HC=CHH), 5.05 (1H, d, J = 
17.2 Hz, CH=CHH), 4.06 (1H, t, J = 6.8 Hz, CHCH=CH2), 2.05 (2H, dt, J = 7.2, 7.2 Hz, 
CH=CHCH2), 1.38-1.26 (8H, m, (CH2)4CH3), 0.88 (3H, t, J = 7.2 Hz, (CH2)4CH3); 13C 
NMR (100 MHz, CDCl3): δ 143.5, 141.0, 131.9, 131.5, 128.5, 128.0, 126.3, 114.9, 52.3, 
32.7, 31.8, 29.5, 29.0, 22.7, 14.2; HRMS (ESI+): Calcd for C17H25 [M+H]: 229.1956, 
Found: 229.1952. Optical Rotation: []D20 –11.0 (c 1.49, CHCl3) for an enantiomerically 
enriched sample of 89.5:10.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm).  
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(S,E)-Undeca-1,4-dien-3-ylcyclohexane (3.41). IR (neat): 3075 (w), 2955 (s), 2924 (s), 
2852 (s), 1637 (w), 1449 (m), 992 (w), 966 (m), 909 (m) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 5.73 (1H, ddd, J = 17.2, 10.4, 8.0 Hz, CH=CH2), 5.40-5.28 (2H, m, 
CCH=CHC), 4.98-4.91 (2H, m, CH=CH2), 2.42 (1H, dt, J = 7.2, 7.2 Hz, CHCH=CH2), 
1.99 (2H, dt, J = 7.6, 6.0 Hz, CH=CHCH2), 1.70-0.85 (22H, m, Cy and (CH2)4CH3); 13C 
NMR (100 MHz, CDCl3): δ 141.2, 131.4, 131.3, 114.2, 53.7, 42.1, 32.9, 31.9, 30.9, 30.7, 
29.7, 29.0, 26.8, 26.7, 22.8, 14.3; HRMS (ESI+): Calcd for C17H31 [M+H]: 235.24258, 
Found: 235.24288. Elemental Analysis: Anal Calcd for C17H30: C, 87.10; H, 12.90; 
Found C, 87.33; H, 13.01. Optical Rotation: []D20 –16.7 (c 1.34, CHCl3) for an 
enantiomerically enriched sample of  93:7 er.  
Enantiomeric purity was determined by 1H NMR analysis in comparison with authentic 
racemic material obtained from the derived Mosher ester,39 which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2. The 
corresponding alcohol was esterified according to published procedure.40 
 
(R)-((S,E)-3-cyclohexylundec-4-enyl)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate. 
IR (neat): 2925 (s), 2852 (s), 1749 (s), 1497 (w), 1450 (m), 1378 (w), 1271 (s), 1169 (s), 
1123 (s), 1081 (w), 1020 (s), 973 (m), 917 (w), 893 (w), 819 (w), 764 (w), 718 (m), 696 
                                                 
(39) Dale, J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 2543–2549. 
(40) Fujii, M.; Fukumura, M; Hori, Y.; Hirai, Y.; Akita, H.; Nakamura, K.;Toriizukaa, K.; Idaa, Y. 
Tetrahedron; Asymmetry 2006, 17, 2292–2298. 
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(w) cm–1; 1H NMR (400 MHz, CDCl3, data for a racemic sample): δ 7.53-7.51 (2H, m, 
ArH), 7.42-7.38 (3H, m, ArH), 5.30 (1H, dt, J = 15.2, 6.8 Hz, CH=CHCH2), 5.27 (1H, dt, 
J = 15.2, 6.8 Hz, CH=CHCH2), 5.10 (1H, ddt, J = 15.2, 9.6, 1.2 Hz, CH=CHCH2), 5.08 
(1H, ddt, J = 15.2, 9.6, 1.2 Hz, CH=CHCH2), 4.39-4.16 (2H, m, CH2CH2OCO), 3.55-
3.54 (3H, m, OCH3), 2.01-1.95 (1H, m, CHCH=CHCH2), 1.88-1.77 (2H, m, 
CHCH=CHCH2), 1.71-0.80 (24H, m, Cy and (CH2)4CH3); 13C NMR (100 MHz, CDCl3, 
data for a racemic sample): δ 166.7, 133.0, 132.6, 131.1, 131.0, 129.7, 128.5, 127.5, 
125.0, 122.1, 65.6, 55.6, 45.3, 42.3, 42.2, 32.7, 31.9, 31.2, 30.8, 29.8, 29.7, 29.0, 26.8, 
26.7, 22.8, 14.2; HRMS (ES+): Calcd for C27H39O3F3Na [M+Na]: 491.2749, Found: 
491.2746. Optical Rotation: []D20 +26.9 (c 0.410, CHCl3) for an enantiomerically 
enriched sample of 90:10 er.  
The level of enantiomeric purity was established through analysis of 1H NMR spectra of 
the derived Mosher ester. 1H NMR (400 MHz, CDCl3): for major diastereomer: δ 5.30 
(1H, dt, J = 15.2, 6.8 Hz, CH=CHCH2), for minor diastereomer: δ 5.27 (1H, dt, J = 15.2, 
6.8 Hz, CH=CHCH2). The spectra are illustrated below: 
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             Authentic Racemic                                                 From Catalytic Reaction 
   Peak          ppm               Area(%)                             Peak           ppm               Area(%) 
   S5              5.281               99.92                                   S5            5.282               100.0 
   R5             5.253               100.0                                   R5            5.254                7.54 
 
(R,E)-Dimethyl(phenyl)(undeca-1,4-dien-3-yl)silane (3.42). IR (neat): 3070 (w), 3050 
(w), 3021 (w), 2956 (s), 2925 (s), 2853 (s), 1625 (s), 1466 (w), 1427 (m), 1247 (m), 1114 
(m), 1085 (w), 997 (w), 966 (m), 895 (m), 835 (s), 812 (s), 774 (m), 732 (m), 698 (s), 654 
(m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.51-7.47 (2H, m, ArH), 7.36-7.25 (3H, m, 
ArH), 5.78 (1H, ddd, J = 16.8, 10.4, 8.4 Hz, CH=CH2), 5.39  (1H, ddt, J = 15.2, 8.4, 1.2 
Hz, CCH=CHC), 5.24 (1H, dtd, J = 15.2, 6.8, 0.8 Hz, CCH=CHC), 4.88-4.79 (2H, m, 
CH=CHH), 2.60 (1H, t, J = 8.8 Hz, CHCH=CH2), 1.97 (2H, dt, J = 6.8, 6.8 Hz, 
CH=CHCH2), 1.31-1.24 (8H, m, (CH2)4CH3), 0.88 (3H, t, J = 7.2 Hz, (CH2)4CH3), 0.28 
(6H, s, Si(CH3)2); 13C NMR (100 MHz, CDCl3): δ 137.9, 137.4, 134.3, 129.2, 129.1, 
127.8, 127.6, 111.8, 40.2, 33.0, 31.9, 29.9, 28.9, 22.8, 14.2, –4.6, –4.7; HRMS (ESI+): 
Calcd for C19H31Si [M+H]: 287.21950, Found: 287.22087. Elemental Analysis: Anal 
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Calcd for C19H30Si: C, 79.64; H, 10.55; Found C, 79.58; H, 10.81. Optical Rotation: 
[]D20 –6.76 (c 1.22, CHCl3) for an enantiomerically enriched sample of 95:5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(96.5:3.5 er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(R,E)-(2-Bromoundeca-1,4-dien-3-yl)benzene (3.43). IR (neat): 3085 (w), 3062 (w) 
3027 (m), 2955 (s), 2925 (s), 2854 (s), 1622 (m), 1600 (w), 1493 (m), 1452 (m), 1377 (w), 
1105 (m), 969 (m), 891 (m), 755 (m), 698 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.37-
7.30 (2H, m, ArH), 7.29-7.22 (3H, m, ArH), 5.73 (1H, dd, J = 1.6, 1.2 Hz, C=CHH), 
5.69 (1H, ddd, J = 15.2, 7.6, 1.2 Hz, CCH=CHC), 5.60 (1H, d, J = 1.6, 0.8 Hz, C=CHH), 
5.53  (1H, dtd, J = 15.2, 6.8, 0.8 Hz, CCH=CHC), 4.27 (1H, d, J = 7.6 Hz, CHCBr=CH2), 
2.05 (2H, q, J = 6.8 Hz, CH=CHCH2), 1.45-1.21 (8H, m, (CH2)4CH3), 0.88 (3H, t, J = 
6.8 Hz, (CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 140.7, 136.7, 134.0, 129.2, 128.4, 
128.1, 126.9, 117.9, 58.7, 32.4, 31.6, 29.0, 28.7, 22.6, 14.0; HRMS (ESI+): Calcd for 
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C17H24Br [M+H]: 307.10614, Found: 307.10604. Optical Rotation: []D20 –35.6 (c 1.12, 
CHCl3) for an enantiomerically enriched sample of 91.5:8.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(S,E)-2-Methylene-1-(oct-1-enyl)-1,2,3,4-tetrahydronaphthalene (3.44). IR (neat): 
3070 (w), 3017 (w), 2955 (w), 2925 (s), 2853 (m), 1646 (m), 1489 (m), 1450 (m), 967 
(m), 888 (m), 746 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.20-7.06 (4H, m, ArH), 
5.52 (1H, dd, J = 15.6, 6.8 Hz, CH=CH), 5.45 (1H, dd, J = 15.2, 6.4 Hz, CH=CH), 4.91  
(2H, s, C=CH2), 4.04 (1H, d, J = 6.8 Hz, CHCH=CH), 2.96-2.76 (2H, m, ArCH2CH2), 
2.64-2.49 (1H, m, CH=CHCH2), 2.44 (1H, dt, J = 13.2, 6.4 Hz, CH=CHCH2), 2.03 (2H, 
q, J = 6.8, Hz, ArCH2CH2), 1.45-1.17 (8H, m, (CH2)4CH3), 0.90 (3H, t, J = 6.8 Hz, 
(CH2)4CH3); 13C NMR (100 MHz, CDCl3): δ 148.6, 138.8, 136.7, 132.9, 131.7, 129.2, 
128.4, 125.9, 125.8, 109.0, 49.6, 32.4, 31.6, 31.3, 30.3, 29.4, 28.8, 22.6, 14.0; HRMS 
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(ESI+): Calcd for C19H27 [M+H]: 255.21128, Found: 255.21106. Optical Rotation: 
[]D20 –128.4 (c 1.16, CHCl3) for an enantiomerically enriched sample of  93.5:6.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(93.5:6.5 er shown; Chiralcel OD-R column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
Four peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(5-Methylhexa-2,5-diene-1,4-diyl)dibenzene (3.50). IR (neat): 3082 (w), 3061 
(w), 3026 (s), 2968 (w), 2910 (w), 2362 (m), 2341 (w), 1942 (w), 1873 (w), 1802 (w), 
1643 (m), 1601 (m), 1492 (s), 1451 (s), 1372 (m), 1074 (w), 974 (s), 894 (s), 740 (s), 698 
(s), 688 (w), 501 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.34-7.26  (4H, m, ArH), 
7.24-7.17 (6H, m, ArH), 5.84 (1H, ddt, J = 15.2, 7.6, 1.2 Hz, CCH=CHC), 5.60 (1H, dtd, 
J = 15.2, 6.8, 1.2 Hz, CCH=CHC), 4.95 (1H, td, J = 1.6, 0.8 Hz, C=CHH), 4.88 (1H, dd, 
J = 1.6, 0.8 Hz, C=CHH), 4.00 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 3.42 (2H, d, J = 6.8 
Hz, ArCH2), 1.66 (3H, d, J = 0.4 Hz, C(CH3)=CH2); 13C NMR (100 MHz, CDCl3): δ 
147.4, 142.4, 140.5, 132.9, 130.2, 128.5, 128.3, 128.2, 128.1, 126.2, 125.9, 112.0, 55.7, 
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38.9, 21.6; HRMS (ESI+): Calcd for C19H21 [M+H]: 249.16433, Found: 249.16309. 
Optical Rotation: []D20 –62.8 (c 1.11, CHCl3) for an enantiomerically enriched sample 
of 95.5:4.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD-R column, 97.8/2.2 hexanes/i-PrOH, 0.3 mL/min, 220 
nm). Four peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(6-Cyclopentyl-2-methylhexa-1,4-dien-3-yl)benzene (3.51). IR (neat): 3081 (w), 
3025 (m), 2948 (s), 2866 (m), 1644 (w), 1600 (w), 1491 (m), 1450 (m), 1372 (w), 971 
(m), 893 (m), 754 (w), 739 (w), 698 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.33-7.24  
(2H, m, ArH), 7.21-7.17 (3H, m, ArH), 5.70  (1H, ddt, J = 15.4, 7.8, 1.4 Hz, CCH=CHC), 
5.42  (1H, dtd, J = 15.2, 6.8, 1.2 Hz, CCH=CHC), 4.91 (1H, td, J = 1.2, 0.8 Hz, C=CHH), 
4.83-4.82 (1H, m, C=CHH), 3.93 (1H, d, J = 8.0 Hz, CHC(CH3)=CH2), 2.05 (2H, t, J = 
7.0 Hz, CHCH2CH), 1.85 (1H, ttt, J = 7.6, 7.6, 7.6 Hz, CH2CH(CH2)CH2), 1.75-1.67 (2H, 
m, cyclopent), 1.65 (3H, d, J =0.4 Hz, C(CH3)=CH2), 1.62-1.47 (4H, m, cyclopent), 1.16-
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1.06 (2H, m, cyclopent); 13C NMR (100 MHz, CDCl3): δ 147.8, 142.9, 131.6, 131.4, 
128.2, 128.1, 126.1, 111.9, 55.9, 39.9, 39.0, 32.3, 32.2, 25.2, 21.6; HRMS (ESI+): Calcd 
for C18H25 [M+H]: 241.19563, Found: 241.19496. Optical Rotation: []D20 –77.5 (c 1.18, 
CHCl3) for an enantiomerically enriched sample of 96:4 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD-R column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
Four peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(1-Cyclohexyl-4-methylpenta-1,4-dien-3-yl)benzene (3.52). IR (neat): 3081 (w), 
3060 (m), 2923 (s), 2850 (s), 1644 (m), 1599 (m), 1491 (m), 1448 (s), 1372 (m), 1071 
(w), 1032 (w), 970 (m), 893 (m), 757 (w), 738 (w), 698 (m), 554 (w), 533 (w) cm–1; 1H 
NMR (400 MHz, CDCl3): δ 7.30-7.27  (2H, m, ArH), 7.23-7.17 (3H, m, ArH), 5.67 (1H, 
ddd, J = 15.2, 8.0, 1.6 Hz, CCH=CHC), 5.41 (1H, dd, J = 15.6, 6.8 Hz, CCH=CHC), 
4.91-4.90 (1H, m, C=CHH), 4.83-4.82 (1H, m, C=CHH), 3.91 (1H, d, J = 8.0 Hz, 
CHC(CH3)=CH2), 2.03-1.92 (1H, m, CH2CHCH2), 1.75-1.68 (4H, m, Cy), 1.65 (3H, s, 
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C(CH3)=CH2), 1.36-1.03 (6H, m, Cy); 13C NMR (100 MHz, CDCl3): δ 147.9, 142.9, 
137.8, 128.6, 128.2, 128.1, 126.0, 111.8, 55.8, 40.6, 33.0, 26.2, 26.0, 21.5; HRMS (ESI+): 
Calcd for C18H25 [M+H]: 241.19563, Found: 241.19555. Optical Rotation: []D20 –55.1 
(c 1.13, CHCl3) for an enantiomerically enriched sample of 95.5:4.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD-R column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
Four peaks from two diastereomers of the derived alcohol are shown below: 
 
 
(S,E)-(2,6,6-Trimethylhepta-1,4-dien-3-yl)benzene (3.53). IR (neat): 3082 (w), 3061 
(w), 3026 (m), 2969 (s), 2903 (w), 2865 (m), 1644 (m), 1600 (m), 1492 (m), 1474 (w), 
1461 (w), 1450 (m), 1390 (w), 1372 (w), 1266 (w), 1074 (w), 974 (m), 893 (m), 758 (m), 
735 (m), 699 (s), 590 (w), 542 (w) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.33-7.27  (2H, 
m, ArH), 7.23-7.17 (3H, m, ArH), 5.61 (1H, dd, J = 15.6, 8.0 Hz, CCH=CHC), 5.46 (1H, 
dd, J = 15.6, 0.8 Hz, CCH=CHC), 4.90 (1H, s, C=CHH), 4.79 (1H, t, J = 1.2 Hz 
C=CHH), 3.90 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 1.65 (3H, s, C(CH3)=CH2), 1.03 
Chapter 3, Page 316 
 
(9H, s, (CH3)3); 13C NMR (100 MHz, CDCl3): δ 148.0, 143.0, 142.8, 128.2, 126.0, 125.8, 
111.8, 55.7, 32.9, 29.7, 21.5; HRMS (ESI+): Calcd for C16H23 [M+H]: 215.17998, 
Found: 215.18047. Optical Rotation: []D20 –58.1 (c 1.01, CHCl3) for an 
enantiomerically enriched sample of 94:6 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (94:6 
er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). Four 
peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(1-Cyclohexenyl-4-methylpenta-1,4-dien-3-yl)benzene (3.54). IR (neat): 3081 
(w), 3059 (w), 3025 (m), 2966 (w), 2925 (s), 2857 (w), 2834 (w), 1646 (m), 1599 (m), 
1491 (m), 1448 (s), 1435 (w), 1372 (m), 1349 (w), 1335 (w), 1267 (m), 1240 (w), 1216 
(w), 1135 (m), 1075 (m), 1030 (m), 965 (s), 894 (s), 786 (w), 755 (w), 740 (m), 699 (s) 
cm–1; 1H NMR (400 MHz, CDCl3): δ 7.30-7.27 (2H, m, ArH), 7.23-7.17 (3H, m, ArH), 
6.00 (1H, d, J = 15.6 Hz, CCH=CHC), 5.81  (1H, ddd, J = 15.6, 7.6, 0.4 Hz, CCH=CHC), 
5.67 (1H, t, J = 4.0 Hz, C=CHCH2), 4.93 (1H, t, J = 1.2 Hz, C=CHH), 4.85 (1H, t, J = 
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0.8 Hz, C=CHH), 4.00 (1H, d, J = 7.6 Hz, CHC(CH3)=CH2), 2.22-2.14 (2H, m, 
CH2(CH2)2CH2), 2.14-2.07 (2H, m, CH2(CH2)2CH2), 1.72-1.64 (2H, m, CH2(CH2)2CH2), 
1.67 (3H, s, CH3) 1.63-1.58 (2H, m, CH2(CH2)2CH2); 13C NMR (100 MHz, CDCl3): δ 
147.5, 142.6, 135.4, 134.5, 128.5, 128.3, 128.2, 127.2, 126.2, 112.1, 55.9, 25.7, 24.6, 22.5, 
22.4, 21.5; HRMS (ESI+): Calcd for C18H23 [M+H]: 239.17998, Found: 239.17898. 
Optical Rotation: []D20 –77.4 (c 1.37, CHCl3) for an enantiomerically enriched sample 
of 96.5:3.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (95:5 
er shown; Chiralpak AS column, 99/1 hexanes/i-PrOH, 0.2 mL/min, 240 nm). Four peaks 
from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(8-Chloro-2-methylocta-1,4-dien-3-yl)benzene (3.55). IR (neat): 3082 (w), 3060 
(w), 3025 (m), 2938 (s), 2849 (w), 1644 (m), 1599 (m), 1491 (m), 1449 (s), 1373 (m), 
1289 (w), 1072 (w), 974 (s), 895 (s), 755 (m), 700 (s) 653 (m) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 7.31-7.25  (2H, m, ArH), 7.24-7.18 (3H, m, ArH), 5.80 (1H, ddq, J = 15.2, 8.0, 
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0.8 Hz, CCH=CHC), 5.36  (1H, dt, J = 15.6, 6.8 Hz, CCH=CHC), 4.91 (1H, td, J = 1.6, 
0.8 Hz, C=CHH), 4.82 (1H, d, J = 0.8 Hz C=CHH), 3.93 (1H, d, J = 8.0 Hz, 
CHC(CH3)=CH2), 3.52 (2H, t, J = 6.8 Hz, CH2Cl), 2.21 (2H, q, J = 6.8 Hz, CH=CHCH2), 
1.84 (2H, ttt, J = 6.8, 6.8, 6.8 Hz, CH2CH2CH2), 1.63 (3H, s, C(CH3)=CH2); 13C NMR 
(100 MHz, CDCl3): δ 147.5, 142.4, 132.9, 129.6, 128.3, 128.1, 126.2, 111.9, 55.8, 44.3, 
32.0, 29.5, 21.5; HRMS (ESI+): Calcd for C15H20Cl [M+H]: 235.12535, Found: 
235.12585. Optical Rotation: []D20 –47.6 (c 1.33, CHCl3) for an enantiomerically 
enriched sample of 94.5:5.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (96:4 
er shown; Chiralcel OD-R column, 98.5/1.5 hexanes/i-PrOH, 1.0 mL/min, 220 nm). Four 
peaks from two diastereomers of the derived alcohol are shown below: 
 
(S,E)-(9-tert-Butoxy-2-methylnona-1,4-dien-3-yl) benzene (3.56) IR (neat): 3026 (m), 
2972 (s), 2934 (s), 2863 (m), 1645 (m), 1598 (w), 1491 (m), 1450 (m), 1390 (m), 1361 
(s), 1231 (w), 1198 (s), 1081 (s), 1033 (w), 1019 (w), 971 (m), 894 (m), 754 (w), 740 (w), 
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699 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.31-7.27 (2H, m, ArH), 7.23-7.16 (3H, m, 
ArH), 5.72 (1H, ddt, J = 15.2, 7.6, 1.2Hz, CCH=CHC), 5.43 (1H, dtd, J = 15.2, 6.8, 0.8 
Hz, CCH=CHC), 4.91-4.90 (1H, m, C=CHH), 4.84-4.83 (1H, m, C=CHH), 3.93 (1H, d, 
J = 7.6 Hz, CHC(CH3)=CH2), 3.33 (2H, t, J = 6.8, CH2O), 2.07 (2H, q, J = 7.2 Hz, 
CH=CHCH2), 1.64 (3H, s, C(CH3)=CH2), 1.58-1.50 (2H, m, CH2CH2CH2), 1.46-1.38 
(2H, m, CH2CH2CH2), 1.19 (9H, s, (CH3)3); 13C NMR (100 MHz, CDCl3): δ 147.7, 142.7, 
131.7, 131.3, 128.2, 128.1, 126.1, 111.8, 72.3, 61.3, 55.8, 32.4, 30.2, 27.5, 26.0, 21.5; 
HRMS (ESI+): Calcd for C20H31O [M+H]: 287.23749, Found: 287.23673. Optical 
Rotation: []D20 –49.1 (c 1.00, CHCl3) for an enantiomerically enriched sample of 
96.5:3.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (97:3 
er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). Peaks 
from two diastereomers of the derived alcohol are shown below: 
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(R,E)-(9-tert-Butoxynona-1,4-dien-3-yl)dimethyl(phenyl)silane (5.37). IR (neat): 3070 
(w), 3050 (w), 2972 (s), 2933 (s), 2863 (s), 1626 (m), 1480 (w), 1458 (w), 1427 (m), 
1390 (m), 1361 (s), 1248 (s), 1198 (s), 1114 (s), 1082 (s), 998 (w), 968 (m), 895 (m), 833 
(s), 813 (s), 775 (m), 733 (m), 699 (s), 654 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 
7.51-7.44  (2H, m, ArH), 7.38-7.31 (3H, m, ArH), 5.78 (1H, ddd, J = 16.8, 10.0, 8.4 Hz, 
CH=CH2), 5.41 (1H, dd, J = 15.2, 8.4 Hz, CCH=CHC), 5.24  (1H, dt, J = 15.2, 6.4, Hz, 
CCH=CHC), 4.88-4.79 (2H, m, CH=CHH), 3.31 (2H, t, J = 6.8 Hz, CH2O), 2.60 (1H, t, 
J = 8.4, SiCH), 1.99 (2H, dt, J = 6.8, 6.8 Hz, CH=CHCH2), 1.51-1.46 (2H, m, 
CH2CH2CH2), 1.39-1.33 (2H, m, CH2CH2CH2), 1.17 (9H, s, (CH3)3), 0.27 (6H, s, 
Si(CH3)2); 13C NMR (100 MHz, CDCl3): δ 137.8, 137.3, 134.3, 129.1, 128.9, 128.0, 
127.6, 111.9, 72.5, 61.5, 40.2, 32.8, 30.3, 27.7, 26.7, ‒4.7, ‒4.7; HRMS (ESI+): Calcd for 
C21H35OSi [M+H]: 331.24572, Found: 331.24594. Elemental Analysis: Anal Calcd for 
C21H34OSi: C, 76.30; H, 10.37; Found C, 76.28; H, 10.55. Optical Rotation: []D20 –7.63 
(c 1.00, CHCl3) for an enantiomerically enriched sample of 94:6 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (95:5 
er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm).  
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(S,Z)-(6-tert-butoxy-2-methylhexa-1,4-dien-3-yl)benzene (3.58). IR (neat): 3082 (w), 
3025 (m), 2973 (s), 2935 (w), 2868 (w), 1643 (m), 1599 (m), 1492 (m), 1451 (m), 1387 
(m), 1363 (s), 1233 (w), 1196 (s), 1073 (s), 1024 (w), 893 (m), 754 (w), 739 (w), 699 (s) 
cm–1; 1H NMR (400 MHz, CDCl3): δ 7.32-7.27  (2H, m, ArH), 7.24-7.17 (3H, m, ArH), 
5.80 (1H, ddt, J = 11.2, 9.6, 1.6 Hz, CCH=CHC), 5.68 (1H, dtd, J = 10.8, 6.4, 1.2 Hz, 
CCH=CHC), 4.91-4.90 (1H, m, C=CHH), 4.88-4.87 (1H, m, C=CHH), 4.27 (1H, d, J = 
9.6 Hz, CH(CH3)=CH2), 4.02 (1H, q, J = 0.8 Hz, CH2OtBu), 4.01 (1H, t, J = 1.2 Hz, 
CH2OtBu), 1.65 (3H, s, C(CH3)=CH2), 1.22 (9H, s, (CH3)3); 13C NMR (100 MHz, 
CDCl3): δ 146.7, 142.5, 132.4, 128.6, 128.3, 127.8, 126.2, 112.0, 73.0, 57.9, 50.8, 27.6, 
21.0. Optical Rotation: []D20 –97.3 (c = 0.75, CHCl3) for an enantiomerically enriched 
sample of 87.5:12.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(90:10 er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
Four peaks from two diastereomers of the derived alcohol are shown below: 
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 Proof of absolute stereochemistry: The following sequence was carried out in order 
to obtain enantiomerically enriched material IV. 
 
The 1H NMR spectrum and optical rotation ([]D20 +29.2 (c 0.300, CHCl3) ) of IV is 
identical to previously reported data.41 Based on the optical rotation of IV derived from 
reactions outlined in ref 41 (which was assigned to possess S absolute stereochemistry, 
([]D31 +27.5 (c 0.225, CHCl3)), we assign R absolute stereochemistry to product 3.43 
and S absolute stereochemistry to product 3.40. 
 
                                                 
(41) Gotoh, H.; Ryouhei, M.; Hiroshi, O.; Mitsuru, S.; Yujiro H. Angew. Chem., Int. Ed. 2006, 45, 6853 –
6856. 
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 Representative experimental procedure for Cu-catalyzed enantioselective allylic 
alkylations of vinylaluminum reagents to (E)-diethyl 3-phenylbut-2-enyl phosphate 
(3.59): In a N2 filled glovebox, an oven-dried 13 x 100 mm test tube was charged with 
NHC-Ag (I) complex 7 (1.10 mg, 0.100 x 10-2 mmol, 0.005 equiv), sealed with parafilm, 
and removed from the glovebox. To a chiral NHC-Ag (I) complex under a nitrogen 
atmosphere were added THF (1 mL) and a solution of CuCl2•2H2O (0.02 M in THF, 100 
L, 0.200 x 10-2 mmol, 0.01 equiv). The light blue solution was allowed to cool to –78 
°C (dry ice bath) and a solution of vinylaluminum reagent 3.24 (1.0 M in hexanes, 300 
L, 0.300 mmol, 1.5 equiv) was added, followed by addition of (E)-diethyl 3-phenylbut-
2-enyl phosphate (3.59) (56.8 mg, 0.200 mmol, 1.0 equiv) as a solution in THF (1 mL) 
through a syringe. The mixture was allowed to warm to –15 °C (cryocool) and stir for 3 
h. After this time, the solution was allowed to cool to –78 °C (dry ice bath) and was 
quenched through addition of a saturated aqueous solution of Rochelle’s salt (sodium 
potassium tartrate) (3 mL). The aqueous layer was washed with Et2O (2 mL x 3) and the 
organic layers were passed through a short plug of MgSO4 eluted with Et2O. The 
resulting solution was concentrated in vacuo to provide yellow oil, which was purified by 
silica gel column chromatography (100% pentane) to afford the desired product 3.60 as 
colorless oil (40.5 mg, 0.160 mmol, 84% yield). 
(R,E)-(3-Methylundeca-1,4-dien-3-yl)benzene (3.60). IR (neat): 3083 (w), 2957 (m), 
2925 (s), 2871 (m), 2854 (s), 1633 (w), 1599 (w), 1492 (m), 1460 (m), 1445 (m), 975 (m), 
914 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.36-7.29  (4H, m), 7.22-7.18 (1H, m), 
6.09  (1H, dd, J = 17.6, 10.8 Hz), 5.67  (1H, dt, J = 15.6, 1.6 Hz), 5.43 (1H, dt, J = 15.6, 
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6.8 Hz), 5.12 (1H, dd, J = 10.8, 1.6 Hz), 5.02 (1H, dd, J = 17.2, 1.6 Hz), 2.09 (2H, dtd, J 
= 6.8, 6.8, 1.2 Hz), 1.49 (3H, s), 1.42-1.27 (8H, m), 0.90 (3H, t, J = 6.8 Hz); 13C NMR 
(100 MHz, CDCl3): δ 147.2, 146.0, 137.0, 129.1, 128.2, 127.3, 126.1, 112.4, 47.6, 32.9, 
31.9, 29.7, 29.1, 25.9, 22.9, 14.3; HRMS (ESI+): Calcd for C18H27 [M+H]: 243.21128, 
Found: 243.21176. Elemental Analysis: Calcd for C18H26: C, 89.19; H, 10.81; Found: C, 
89.35; H, 10.60. Optical Rotation: []D20 –5.31 (c 1.50, CHCl3) for an enantiomerically 
enriched sample of 94.5:5.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (95:5 
er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(R,E)-1-Methyl-2-(3-methylundeca-1,4-dien-3-yl)benzene (3.61). IR (neat): 3014 (m), 
2957 (m), 2853 (m), 1631 (w), 1485 (w), 1456 (m), 972 (m), 910 (m), 759 (s), 728 (s) 
cm–1; 1H NMR (400 MHz, CDCl3): δ 7.40-7.37 (1H, m), 7.17-7.12 (3H, m), 6.14 (1H, dd, 
J = 17.2, 10.4 Hz), 5.73 (1H, dt, J = 15.6, 1.6 Hz), 5.28 (1H, dt, J = 15.6, 6.8 Hz), 5.06 
(1H, dd, J = 10.4, 1.2 Hz), 4.90 (1H, dd, J = 17.6, 1.2 Hz), 2.33 (3H, s), 2.08-2.02 (2H, 
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dtd, J = 6.8, 6.8, 1.6 Hz), 1.53 (3H, s), 1.38-1.27 (8H, m), 0.89 (3H, t, J = 6.8 Hz); 13C 
NMR (100 MHz, CDCl3): δ 146.3, 144.5, 137.6, 137.2, 132.4, 128.6, 127.6, 126.5, 125.6, 
111.9, 48.1, 33.0, 31.9, 29.6, 29.1, 27.5, 22.9, 22.8, 14.3; HRMS (ESI+): Calcd for 
C19H29 [M+H]: 257.22693, Found: 257.22735. Optical Rotation: []D20 –7.58 (c 1.26, 
CHCl3) for an enantiomerically enriched sample of 96.5:3.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(96.5:3.5 er shown; Chiralpak AS column, 99.5/0.5 hexanes/i-PrOH, 1.0 mL/min, 220 
nm). 
 
(R,E)-1-Methoxy-2-(3-methylundeca-1, 4-dien-3-yl)benzene (3.62). IR (neat): 2956 
(w), 2924 (m), 2853 (w), 1487 (m), 1461 (m), 1434 (m), 1241 (s), 1031 (m), 967 (w), 909 
(m), 748 (s), 670 (w) cm-1; 1H NMR (400MHz, CDCl3):  7.27 (1H, dd, J = 7.6, 1.6 Hz), 
7.21 (1H, dt, J = 7.6, 1.6 Hz), 6.91-6.86 (2H, m), 6.18 (1H, dd, J = 17.2, 10.4 Hz), 5.73 
(1H, dt, J = 15.6, 1.2 Hz), 5.32 (1H, dt, J = 15.6, 6.0 Hz), 5.01 (1H, dd, J = 10.4, 1.6 Hz), 
4.91 (1H, dd, J = 17.2, 1.2 Hz), 3.76 (3H, s), 2.04 (2H, dt, J = 6.0, 6.0 Hz), 1.53 (3H, s), 
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1.35-1.27 (8H, m), 0.88 (3H, t, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3):  158.3, 146.3, 
137.1, 135.7, 128.3, 127.9, 127.8, 120.5, 112.3, 111.2, 55.3, 46.5, 33.0, 32.0, 29.9, 29.1, 
24.8, 22.9, 14.3; HRMS (ESI+): Calcd for C19H29O [M+H]: 273.2218, Found: 273.2219. 
Optical Rotation: []D20 ‒3.36 (c 1.00, CHCl3) for an enantiomerically enriched sample of  
98:2 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (98:2 
er shown; Chiralcel OD-R column, 99/1 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
(R,E)-1-(3-Methylundeca-1,4-dien-3-yl)-2-(trifluoromethyl)benzene (3.63). IR (neat): 
2957 (w), 2925 (w), 2855 (w), 1488 (w), 1304 (s), 1268 (m), 1166 (s), 1129 (s), 1034 (s), 
912 (m), 765 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.70 (1H, dd, J = 8.0, 1.6 Hz), 7.63 
(1H, d, J = 8.0 Hz), 7.46 (1H, dq, J = 8.0, 0.8 Hz), 7.35-7.31 (1H, m), 6.14 (1H, ddd, J = 
17.6, 10.8, 0.8 Hz), 5.72 (1H, dd, J = 15.6, 0.8 Hz), 5.28 (1H, dt, J = 15.6, 6.8 Hz), 5.06 
(1H, dd, J = 10.8, 0.8 Hz), 4.88 (1H, dd, J = 17.2, 0.8 Hz), 2.05 (2H, dtd, J = 6.8, 6.8, 1.2 
Hz), 1.57 (3H, s), 1.38-1.26 (8H, m), 0.89 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, 
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CDCl3): δ 146.5, 145.9, 137.3, 131.4, 130.6, 129.2 (q, J = 30.7 Hz), 128.6, 128.6, 128.5, 
124.7 (q, J = 272.8 Hz), 111.7, 48.7, 32.9, 31.9, 29.4, 29.1, 27.4, 22.8, 14.3; HRMS 
(ESI+): Calcd for C19H26F3 [M+H]: 311.19866, Found: 311.19786. Optical Rotation: 
[]D20 –13.3 (c = 1.00, CHCl3) for an enantiomerically enriched sample of 98:2 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (98:2 
er shown; Chiralcel OD column, 99.5:0.5 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(R,E)-1-Bromo-2-(3-methylundeca-1,4-dien-3-yl)benzene (3.64). IR (neat): 2956 (w), 
2923 (m), 2853 (w), 1463 (m), 1431 (w), 1267 (w), 1019 (m), 987 (w), 966 (m), 944 (m), 
754 (s), 734 (m), 724 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.57 (1H, dd, J = 8.0, 1.2 
Hz), 7.46 (1H, dd, J = 8.0, 1.6 Hz), 7.25 (1H, dt, J = 8.0, 0.8 Hz), 7.06 (1H, dq, J = 7.2, 
0.8 Hz), 6.19 (1H, dd, J = 17.2, 10.8 Hz), 5.74 (1H, dt, J = 15.6, 0.8 Hz), 5.30 (1H, dt, J = 
15.6, 6.8 Hz), 5.10 (1H, dt, J = 10.8, 0.8 Hz), 4.93 (1H, dd, J = 17.6, 0.8 Hz), 2.07 (2H, 
dtd, J = 7.2, 7.2, 1.6 Hz), 1.62 (3H, s), 1.39-1.26 (8H, m), 0.88 (3H, t, J = 6.8 Hz) ; 13C 
NMR (100 MHz, CDCl3): δ 145.8, 145.5, 136.4, 135.6, 129.8, 129.5, 128.0, 127.1, 124.0, 
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112.8, 48.8, 32.9, 31.9, 29.5, 29.1, 26.3, 22.8, 14.3. Elemental Analysis: Calcd for 
C18H25Br: C, 67.29; H, 7.84; Found: C, 67.34; H, 7.84. Optical Rotation: []D20 –9.71 (c  
1.12, CHCl3) for an enantiomerically enriched sample of 96:4 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(96.5:3.5 er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(R,E)-1-(3-Methylundeca-1,4-dien-3-yl)-2-nitrobenzene (3.65). IR (neat): 2956 (w), 
2925 (m), 2855 (w), 1531 (s), 1367 (m), 974 (w), 916 (w), 850 (w), 751 (s), 650 (w) cm-1; 
1H NMR (400MHz, CDCl3):  7.53 (1H, dd, J = 7.2, 1.2 Hz), 7.47-7.39 (2H, m), 7.32 
(1H, dt, J = 7.2, 1.2 Hz), 6.01 (1H, dd, J = 17.2, 10.6 Hz), 5.58 (1H, d, J = 16.4 Hz), 5.44 
(1H, dt, J = 16.4, 6.0 Hz), 5.13 (1H, d, J = 10.6 Hz), 5.02 (1H, d, J = 17.6 Hz), 2.01 (2H, 
dt, J = 6.0, 6.0 Hz), 1.62 (3H, s), 1.40-1.24 (8H, m), 0.88 (3H, t, J = 6.4 Hz); 13C NMR 
(100 MHz, CDCl3):  151.3, 143.8, 139.3, 134.3, 131.2, 130.5, 130.2, 127.5, 124.4, 
112.9, 47.4, 32.8, 31.9, 29.3, 29.2, 25.7, 22.9, 14.3; HRMS (ESI+): Calcd for C18H26N1O2 
[M+H]: 288.1964, Found: 288.1961. Elemental Analysis: Anal Calcd for C18H25N1O2: C, 
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75.22; H, 8.77; N, 4.87; Found: C, 75.49; H, 9.04; N, 5.05. Optical Rotation: []D20 +0.71 
(c 1.00, CHCl3) for an enantiomerically enriched sample of 97.5:2.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(97.5:2.5 er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 254 nm). 
 
(R,E)-1-(3-Methylundeca-1,4-dien-3-yl)-4-nitrobenzene (3.66). IR (neat): 2956 (w), 
2926 (m), 2855 (w), 1597 (w), 1518 (s), 1492 (w), 1459 (w), 1345 (s), 1216 (w), 1111 
(w), 1014 (w), 1000 (w), 976 (w), 920 (w), 852 (m), 755 (s), 701 (m), 668 (w) cm-1; 1H 
NMR (400MHz, CDCl3):  8.14 (2H, d, J = 6.8 Hz), 7.48 (2H, d, J = 9.2 Hz), 6.03 (1H, 
dd, J = 17.6, 10.6 Hz), 5.62 (1H, d, J = 15.6 Hz), 5.43 (1H, dt, J = 16.0, 6.8 Hz), 5.18 
(1H, d, J = 10.6 Hz), 5.03 (1H, d, J = 17.6 Hz), 2.08 (2H, dt, J = 7.2, 7.2 Hz), 1.50 (3H, 
s), 1.43-1.27 (8H, m), 0.89 (3H, t, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3):  155.0, 
146.5, 144.6, 135.7, 130.7, 128.4, 123.5, 113.8, 48.0, 32.9, 31.9, 29.6, 29.1, 26.0, 22.9, 
14.3; HRMS (ESI+): Calcd for C18H26N1O2 [M+H]: 288.1964, Found: 288.1949. 
Elemental Analysis: Anal Calcd for C18H25N1O2: C, 75.22; H, 8.77; N, 4.87; Found: C, 
Chapter 3, Page 330 
 
75.49; H, 8.90; N, 4.98. Optical Rotation: []D20 ‒7.54 (c 1.00, CHCl3) for an 
enantiomerically enriched sample of 94.5:5.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(94.5:5.5 er shown; Chiralcel OD-R column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 240 nm). 
 
(S,E)-(3-Methylundeca-1,4-dien-3-yl)cyclohexane (3.67). IR (neat): 2922 (s), 2852 (s), 
1450 (m), 1000 (w), 973 (m), 910 (m) cm-1; 1H NMR (400MHz, CDCl3):  5.82 (1H, dd, 
J = 17.6, 10.8 Hz), 5.40 (1H, dt, J = 15.6, 1.2 Hz), 5.28 (1H, dt, J = 15.6, 6.4 Hz), 4.97 
(1H, dd, J = 10.8, 1.6 Hz), 4.89 (1H, dd, J = 17.6, 1.6 Hz), 2.01 (2H, dt, J = 6.4, 6.4 Hz), 
1.75-1.69 (4H, m), 1.64-1.61 (1H, m), 1.36-1.19 (8H, m), 1.18-1.05 (4H, m), 1.01 (3H, 
s), 0.94-0.86 (5H, m); 13C NMR (100 MHz, CDCl3):  146.4, 137.0, 128.3, 111.6, 47.4, 
45.3, 33.2, 31.9, 29.9, 29.2, 28.0, 27.4, 27.0, 22.9, 20.2, 14.3; HRMS (ESI+): Calcd for 
C18H33 [M+H]: 249.2582, Found: 249.2591. Elemental Analysis: Anal Calcd for C18H32: 
C, 87.02; H, 12.98; Found: C, 87.30; H, 13.26. Optical Rotation: []D20 ‒16.3 (c 1.00, 
CHCl3) for an enantiomerically enriched sample of 93:7 er. 
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Enantiomeric purity was determined by 400 MHz 1H NMR analysis of the derived 
Mosher ester in comparison with authentic racemic material.   
(R,E)-Dimethyl(3-methylundeca-1,4-dien-3-yl)(phenyl)silane (3.68). IR (neat): 2956 
(w), 2925 (w), 2856 (w), 1724 (w), 1427 (w), 1251 (w), 1117 (w), 1052 (w), 1026 (w), 
998 (w), 829 (m), 811 (m), 790 (m), 773 (m), 698 (s) cm–1; 1H NMR (400 MHz, CDCl3): 
δ 7.49-7.47 (2H, m), 7.39-7.31 (3H, m), 5.93 (1H, dd, J = 17.6, 10.8 Hz), 5.54 (1H, dt, J 
= 15.6, 1.2 Hz), 5.16 (1H, dt, J = 15.2, 7.2 Hz), 4.92 (1H, dd, J = 10.8, 1.2 Hz), 4.75 (1H, 
dd, J =17.2, 0.8 Hz), 2.03 (2H, dt, J = 6.8, 6.8 Hz), 1.36-1.23 (8H, m), 1.11 (3H, s), 0.89 
(3H, t, J = 6.8 Hz), 0.28 (6H, s); 13C NMR (100 MHz, CDCl3): δ 143.3, 136.8, 135.0, 
133.9, 129.2, 127.4, 126.8, 109.9, 36.2, 33.4, 32.0, 30.2, 29.1, 22.9, 17.9, 14.3, ‒5.8; 
HRMS (ESI+): Calcd for C20H33Si1 [M+H]: 301.23515, Found: 301.23478. Optical 
Rotation: []D20 –3.56 (c 0.46, CHCl3) for an enantiomerically enriched sample of 
95.5:4.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(95.5:4.5 er shown; Chiralcel OD column, 99.5:0.5 hexanes/i-PrOH, 1.0 mL/min, 220 
nm). 
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(R,E)-tert-Butyl 2-methyl-2-vinyldec-3-enoate (3.69). IR (neat): 2958 (w), 2926 (m), 
2855 (w), 1726 (s), 1456 (w), 1409 ((m), 1250 (s), 1160 (s), 1123 (s), 971 (m), 915 (m), 
850 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 6.04 (1H, dd, J = 18.0, 10.0 Hz), 5.60 (1H, 
dt, J = 16.0, 0.8 Hz), 5.47 (1H, dt, J = 15.6, 6.8 Hz), 5.08-5.04 (2H, m), 2.03 (2H, dtd, J = 
7.6, 7.6, 0.8 Hz), 1.42 (9H, s), 1.37-1.24 (8H, m), 1.32 (3H, s), 0.87 (3H, t, J = 6.8 H); 
13C NMR (100 MHz, CDCl3): δ 174.2, 141.7, 132.6, 130.3, 113.4, 80.7, 51.4, 32.8, 31.9, 
29.5, 28.9, 28.1, 22.8, 21.6, 14.3; HRMS (ESI+): Calcd for C17H31O2 [M+H]: 267.23240, 
Found: 267.23251. Optical Rotation: []D20 –11.4 (c 0.913, CHCl3) for an 
enantiomerically enriched sample of 90:10 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(91.5:8.5 er shown; Chiralcel OD-R column, 99.8/0.2 hexanes/i-PrOH, 0.8 mL/min, 220 
nm). 
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(R,E)-(9-(tert-Butoxy)-3-methylnona-1,4-dien-3-yl)dimethyl(phenyl)silane (3.70). IR 
(neat): 2970 (m), 2927 (m), 2860 (w), 1621 (w), 1427 (w), 1361 (m), 1248 (m), 1198 (m), 
1081 (m), 972 (m), 894 (m), 830 (s), 810 (s), 773 (s), 735 (s), 699 (s), 654 (m), 472 (m), 
409 (m) cm-1; 1H NMR (400MHz, CDCl3):  7.48-7.46 (2H, m), 7.36-7.32 (3H, m), 5.91 
(1H, dd, J = 17.2, 10.8 Hz), 5.54 (1H, d, J = 15.6 Hz), 5.15 (1H, dt, J = 15.6, 7.2 Hz), 
4.91 (1H, dd, J = 10.8, 1.2 Hz), 4.74 (1H, dd, J = 17.2, 1.2 Hz), 3.33 (2H, t, J = 6.8 Hz), 
2.04 (2H, dt, J = 7.2, 7.2 Hz), 1.54-1.49 (2H, m), 1.43-1.39 (2H, m), 1.20 (9H, s), 1.10 
(3H, s), 0.26 (6H, s); 13C NMR (100 MHz, CDCl3):  143.3, 136.8, 135.0, 134.1, 129.2, 
127.5, 126.6, 110.0, 72.6, 61.7, 36.4, 33.3, 30.5, 29.9, 27.8, 26.9, 17.9, ‒5.8; HRMS 
(ESI+): Calcd for C22H36O1Si1Na1 [M+Na]: 367.2433, Found: 367.2420. Optical 
Rotation: []D20 ‒0.11 (c 1.43, CHCl3) for an enantiomerically enriched sample of 96:4 
er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (96:4 
er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 0.2 mL/min, 220 nm). 
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(R,E)-(8-Chloro-3-methylocta-1,4-dien-3-yl)dimethyl(phenyl)silane (3.71). IR (neat): 
2957 (w), 1621 (w), 1427 (w), 1247 (m), 1112 (m), 974 (m), 896 (m), 810 (s), 773 (s), 
735 (s), 699 (s), 653 (s), 471 (m), 409 (m) cm-1; 1H NMR (400MHz, CDCl3):  7.47-7.45 
(2H, m), 7.37-7.33 (3H, m), 5.91 (1H, dd, J = 17.6, 11.2 Hz), 5.61 (1H, d, J = 15.2 Hz), 
5.06 (1H, dt, J = 15.6, 6.4 Hz), 4.92 (1H, dd, J = 11.2, 1.2 Hz), 4.75 (1H, dd, J = 17.6, 1.2 
Hz), 3.49 (2H, t, J = 6.8 Hz), 2.18 (2H, dt, J = 6.4, 6.4 Hz), 1.80 (2H, q, J = 7.2 Hz), 1.10 
(3H, s), 0.27 (6H, s); 13C NMR (100 MHz, CDCl3):  143.0, 136.6, 135.8, 134.9, 129.3, 
127.6, 124.4, 110.2, 44.7, 36.7, 32.7, 30.4, 17.9, ‒5.8, ‒5.8; HRMS (ESI+): Calcd for 
C17H25Cl1Si1Na1 [M+Na]: 315.1312, Found: 315.1319. Optical Rotation: []D20 +0.92 (c  
2.76, CHCl3) for an enantiomerically enriched sample of 96:4 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 (96:4 
er shown; Chiralpak AS column, 99/1 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(R,E)-1-Bromo-2-(1-(cyclohex-1-en-1-yl)-3-methylpenta-1,4-dien-3-yl)benzene (3.72). 
IR (neat): 2925 (m), 1463 (m), 1018 (s), 963 (s), 911 (s), 791 (w), 756 (s), 645 (m), 454 
(w) cm-1; 1H NMR (400 MHz, CDCl3):  7.58 (1H, dd, J = 8.0, 1.6 Hz), 7.46 (1H, dd, J = 
8.0, 1.6 Hz), 7.26 (1H, dt, J = 7.6, 1.2 Hz), 7.08 (1H, dt, J = 8.0, 1.6 Hz), 6.22 (1H, dd, J 
= 17.2, 10.4 Hz), 5.92 (2H, s), 5.66-5.64 (1H, m), 5.13 (1H, dd, J = 10.8, 1.2 Hz), 4.97 
(1H, dd, J = 17.6, 0.8 Hz), 2.22-2.18 (2H, m), 2.13-2.09 (2H, m), 1.70-1.65 (2H, m), 1.66 
(3H, s), 1.63-1.59 (2H, m); 13C NMR (100 MHz, CDCl3):  145.9, 145.2, 135.9, 135.6, 
132.9, 132.2, 129.7, 128.5, 128.1, 127.2, 124.0, 112.9, 48.7, 26.1, 26.0, 24.8, 22.83, 
22.78; HRMS (ESI+): Calcd for C18H22Br1 [M+H]: 317.0905, Found: 317.0906. Optical 
Rotation: []D20 ‒27.4 (c 1.29, CHCl3) for an enantiomerically enriched sample of 
97.5:2.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(97.5:2.5 er shown; Chiralcel OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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Chapter 4 
Cu-Catalyzed Hydroboration Reactions of 
Disubstituted Alkenes Promoted by N-Heterocyclic 
Carbenes. Enantioselective C‒B Bond Formation 
 
4.1 Introduction 
Organoboron compounds are among the most useful intermediates in organic 
synthesis because of the versatility of the carbon-boron bond.1 Transition metal-catalyzed 
hydroboration is one of the most important methods for the synthesis of organoboranes.2 
Development of efficient and stereoselective catalytic hydroboration reactions is a 
compelling objective in chemical synthesis; a number of challenges, however, are yet to 
be addressed. For example, reactions of disubstituted olefins, furnishing regioisomers not 
accessible through the existing methods, have not been introduced. As part of studies on 
the development of N-heterocyclic carbenes (NHCs) for facile site-selective and 
enantioselective synthesis,3 we began to probe the ability of MHC-metal complexes as 
                                                 
(1) For reviews on functionalizations of organoboranes, see: (a) Brown, H. C.; Singaram, B. Pure & Appl. 
Chem. 1987, 59, 879‒894. (b) Brown, H. C.; Singaram, B. Acc. Chem. Rec. 1988, 21, 287‒293. (c) 
Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457‒2483. (d) Miyaura, N. Bull. Chem. Soc. Jpn. 2008, 81, 
1535‒1553.  
(2) For reviews on transition metal-catalyzed hydroborations, see: (a) Burgess, K.; Ohlmeyer, M. J. Chem. 
Rev. 1991, 91, 1179‒1191. (b) Beletskaya, I.; Pelter, A. Tetrahedron 1997, 53, 4957‒5026. For reviews on 
enantioselective hydroborations, see: (c) Crudden, C. M.; Edwards, D. Eur. J. Org. Chem. 2003, 
4695‒4712. (d) Carroll, A.-M.; O’Sullivan, T. P.; Guiry, P. J. Adv. Synth. Catal. 2005, 347, 609–631. (e) 
Thomas, S. P.; Aggarwal, V. K. Angew. Chem., Int. Ed. 2009, 48, 1896‒1898.  
(3) (a) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. (b) Larsen, A. O.; Leu, W.; Nieto-Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. 
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catalysts for the C‒B bond formation. Our studies were guided by previous disclosures on 
boron-copper addition to styrenes with stoichiometric amounts of an NHC-Cu complex 
and bis(pinacolato)diboron, affording secondary C‒Cu and primary C‒B bonds. 4 
Development of a catalytic version, where protonation of the C‒Cu bond constitutes net 
hydroboration, required us to identify an efficient procedure with the substantially less 
reactive disubstituted alkenes to obtain chiral alkylboronates. 
Herein, we disclose a protocol for catalytic boron-copper addition to acyclic and 
cyclic aryl olefins. Reactions are promoted by 0.5‒5 mol % of a readily available NHC-
Cu complex, proceed with >98:<2 site selectivity, and afford boronate isomers that 
complement those obtained through transformations with borohydride reagents or in the 
presence of Rh- and Ir-based catalysts. 5  With chiral NHC complexes, Cu-catalyzed 
hydroborations proceed with high enantioselectivity [enantiomeric ratio (er) values up to 
99:1]. 
 
4.2 Background 
Since the boron atom is three coordinated, and has vacant p-orbital and low-
electronegativity, boron-containing reagents have been considered as electrophiles in 
                                                                                                                                                 
Chem. Soc. 2004, 126, 11130–11131. (c) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. 
Chem., Int. Ed. 2007, 46, 1097–1100. 
(4) (a) Laitar, D. S.; Müller, P.; Sadighi, J. P. J. Am. Chem. Soc. 2005, 127, 17196–17197. (b) Laitar, D. S.; 
Tsui, E. Y.; Sadighi, J. P. Organometallics 2006, 25, 2405–2408. 
(5) For Rh-catalyzed enantioselective hydroborations of disubstituted styrenes (to afford predominantly 
benzylic alcohols), see: (a) Doucet, H.; Fernandez, E.; Layzell, T. P.; Brown, J. M. Chem. ‒Eur. J. 1999, 5, 
1320–1330. (b) McCarthy, M.; Hooper, M. W.; Guiry, P. J. Chem. Commun. 2000, 1333‒1334. (c) 
Connolly, D. J.; Lacey, P. M.; McCarthy, M.; Saunders, C. P.; Carroll, A.-M.; Goddard, R.; Guiry, P. J. J. 
Org. Chem. 2004, 69, 6572‒6589. 
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organic transformations such as hydroborations and Lewis acidic mediated reactions 
(Pauling’s electronegativity: B: 2.04, H: 2.20, C: 2.55, F: 3.98; polarization of Bδ+‒Hδ‒, 
Bδ+‒Cδ‒, or Bδ+‒Fδ‒ bonds enhances electrophilic character at the boron center). Therefore, 
nucleophilic, anionic boryl complexes have been a challenging target for an alternative 
approach to form C‒B bonds. Recently, a variety of borylmetal anions such as 
boryllithium, borylmagnesium, and borylzinc complexes have been synthesized and 
characterized by spectroscopic and X-ray crystallographic analysis.6 Their applications to 
the reaction of a number of electrophiles have supported the nucleophilic character of 
borylmetal anions. The most significant advance among nucleophilic borylmetal 
complexes has appeared from the utility of the borylcopper species as an important 
reactive species toward the synthesis of organoboron compounds. The following section 
will briefly outline the characteristics of nucleophilic boryl complexes and catalytic 
copper-boron additions to unsaturated substrates.   
4.2.1  Nucleophilic Borylmetal Reagents 
4.2.1.a.  Boryllithium Species 
In 1952, Auten and coworkers proposed the generation of borylmetal anion 4.2 as 
an intermediate, prepared from reduction of chloroborane 4.1 with sodium-potassium 
alloy, and established its existence by the reaction with methyliodide to form (n-
Bu)2BMe 4.3 (eq 4.1).7 The boryl anion or methylated product 4.3, however, could not be 
characterized due to the lack of modern spectroscopic methods at that time.   
                                                 
(6) (a) Dang, L.; Lin, Z.; Marder, T. B. Chem. Commun. 2009, 39873995. For a review on boryl anions, 
see: (b) Yamashita, M.; Nozaki, K. Bull. Chem. Soc. Jpn. 2008, 81, 1377‒1392. 
(7) Auten, R. W.; Kraus, C. A. J. Am. Chem. Soc. 1952, 74, 3398‒3401. 
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In 1967, Parsons and coworkers described the preparation of the more stable sp3 
boryl anion 4.5, which is stabilized by coordination of the Lewis base to the boron atom, 
compared to sp2 hybridized 4.2. 8  The borylpotassium anion 4.5 is generated by the 
treatment of 4.1 with Na/K alloy and triethylamine (eq. 4.2). Another example of a 
boryllithium compound stabilized by a Lewis base, such as Cy3P‒BH2Li 4.8 was also 
reported by Schmidbaur, 9  Imamoto 10  and coworkers, independently. The authors 
demonstrated that the boryl anion 4.8 behaves as nucleophiles trapping with various 
electrophiles, ClSiMe3, MeOTf, and PhCHO, forming the B‒Si bond 4.9 and B‒C bonds 
in 4.10 and 4.11, as shown in Scheme 4.1. Although several investigations supported the 
hypothesis of boryl anions as reactive intermediates, no spectroscopic or X-ray 
crystallographic evidence was reported for nucleophilic boryl reagent. 
tert
  
                                                 
(8) Parsons, T. D.; Self, J. M.; Schaad, L. H. J. Am. Chem. Soc. 1967, 89, 3446‒3448. 
(9) Blumenthal, A.; Bissinger, P.; Schmidbaur, H. J. Organomet. Chem. 1993, 462, 107‒110. 
(10) Imamoto, T.; Hikosaka, T. J. Org. Chem. 1994, 59, 6753‒6759. 
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To obtain stable borylmetal anions for characterization, a heteroatom-substituted 
boryl complex (vs BH2‒) might be effective.11 Because two heteroatoms such as nitrogen 
or oxygen on the boron atom can stabilize a boryl anion by inductive effect of 
heteroatoms and the concomitant overlap between the heteroatoms’ lone pairs and the 
empty p orbital of the boron atom. As illustrated in Scheme 4.2, there are two possible 
methods to prepare a heteroatom-substituted borylmetal anion from a heteroatom-
substituted borane. The first strategy is through the deprotonation of boryl‒H 4.12 by a 
base to generate a boryl anion; however, deprotonation of boranes is not favored due to 
the hydride character of the H atom (electronegativity: B: 2.04, H: 2.20). Indeed, Lewis 
base complexation to the boron atom is favored to complete the octect. Another approach 
is through reductive dehalogenation of a haloborane 4.13 by a metal, however, boryl 
radicals can be generated to form dimeric boron species.   
 
To avoid homocoupling of the boryl radical intermediates, Nozaki and coworkers 
introduced sterically demanding 2,6-diisopropylphenyl groups on the nitrogen atom and 
they have succeeded in the first synthesis, isolation, and characterization of a 
                                                 
(11) Wagner, M.; van Eikema Hommes, N. J. R.; Nöth, H.; von Ragué Schleyer, P. Inorg. Chem. 1995, 34, 
607‒614. 
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boryllithium complex 4.16.12 The precursor bromoboryl complex 4.15 is synthesized by 
the reduction of bis(imine) 4.14 with Mg metal, followed by treatment with BBr3. The 
bromoboryl 4.15 can be reduced by lithium powder and naphthalene to afford a dimeric 
boryllithium complex 4.16-dimer in DME and a monomeric boryllithium complex 4.16 
in THF which consists of sp2-hybridized boron center. The structure of the 4.16-dimer 
was confirmed by X-ray crystallography and NMR spectroscopy, which indicate a highly 
polarized B‒Li bond13 and support the anion character of the boryllithium species.  
 
Furthermore, they explored reactions of boryllithium 4.16 with various electrophiles to 
establish whether the boryllithium 4.16 acts as a nucleophile. As shown in Scheme 4.4, 
boryl complex 4.16 reacts with MeOTf and n-BuCl to afford the alkylated 4.17 in 85% 
yield and 4.18 in 78% yield. Boryllithium 4.16 also attacks benzaldehyde, generating -
boryl alcohol 4.19, which was characterized by X-ray crystallography. Thus, the findings 
also support the existence of a boryl anion as a nucleophile source.  
                                                 
(12) (a) Segawa, Y.; Yamashita, M.; Nozaki, K. Science 2006, 314, 113‒115. (b) Marder, T. B. Science 
2006, 314, 69‒70. (c) Braunschweig, H. Angew. Chem., Int. Ed. 2007, 46, 1946‒1948. (d) Segawa, Y.; 
Suzuki, Y.; Yamashita, M.; Nozaki, K. J. Am. Chem. Soc. 2008, 130, 16069‒16079. 
(13) The X-ray structure of 4.16 reveals a longer B‒Li bond of 2.291 Å, compared to the sum of covalent 
radii of boron and lithium atoms (2.11 Å). 
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4.2.1.b.  Borylmagnesium  Species 
 In addition to boryllithium compound, Nozaki and coworkers synthesized, 
isolated, and characterized borylmagnesium species, wherein B‒Mg bonds exhibit ionic 
character.14 Borylmagnesiums are prepared from transmetalation of boryllithium 4.16 
with 1.0 or 0.5 equivalents of MgBr2•OEt2 in THF, as illustrated in Scheme 4.5. With one 
equivalent of MgBr2, sp2-hybridized-at-boron monomeric complexes 4.20 and 4.21 are 
generated. On the other hand, reaction with 0.5 equivalents of MgBr2 delivers dimeric 
borylmagnesium species 4.22. The structures of these boryl complexes were confirmed 
by X-ray crystallography.  
                                                 
(14) Yamashita, M.; Suzuki, Y.; Segawa, Y.; Nozaki, K. J. Am. Chem. Soc. 2007, 129, 9570‒9571. 
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The in situ-generated borylmagnesium 4.20 is utilized as a nucleophile in the borylation 
of benzaldehyde, generating a mixture of benzoylborane 4.23, boron-substituted ester 
4.24, benzyl alcohol 4.25 and hydroborane 4.26 rather than α-boryl alcohol 4.19 (<2% 
conv to 4.19, Scheme 4.6). The formation of benzoylborane 4.23 and benzyl alcohol 4.25 
suggests intermolecular hydride transfer from a magnesium borylbenzyloxide to the 
benzaldehyde via six-membered ring transition state TS-4.1.   
 
4.2.1 c.  Borylzinc Species 
Nozaki and coworkers reported the synthesis and structure of borylzinc species 
4.28 and its application to the reaction with electrophiles to establish an ionic character of 
the borylzinc reagent. Boryldibromozincate 4.28 is obtained from the transmetalation of 
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boryllithium 4.27 with one equivalent of ZnBr2, which was characterized by X-ray 
crystallography.15 The nucleophilic borylzincate 4.28 reacts with cyclohexenone to afford 
1,4-addition product 4.29 in 41% yield. 
i-i-
i-i-
 
4.2.1.d.  Borylcopper Species 
Boryllithium, borylmagnesium, and borylzinc species have shown reactivities 
toward organic electrophiles for the formation of C‒B bonds, but the preparation of boryl 
anions is not practical and reactions are limited. On the other hand, Cu-systems have been 
well-known for catalyzing C‒C bond forming reactions.  For further applications of 
nucleophilic borylmetal species to synthesize organoboranes, it is important to estimate 
the properties and activities of borylcopper species, which may show different reactivities 
toward electrophiles from other borylmetal species. Recently, the structures of 
borylcopper complexes were disclosed and their utility in borylations of various 
electrophiles was investigated. 
In 2000, Miyaura16 and Hosomi17 independently disclosed the reactivity of in situ-
generated borylcopper species 4.32, derived from the treatment of commercially available 
                                                 
( 15 ) Kajiwara, T.; Terabayashi, T.; Yamashita, M.; Nozaki, K. Angew. Chem., Int. Ed. 2008, 47, 
6606‒6610. 
(16) (a) Takahashi, K.; Ishiyama, T.; Miyaura, N. Chem. Lett. 2000, 982‒983. (b) Takahashi, K.; Ishiyama, 
T.; Miyaura, N. J. Organomet. Chem. 2001, 625, 47–53. 
(17) Ito, H.; Yamanaka, H.; Tateiwab, J.-i.; Hosomi, A. Tetrahedron Lett. 2000, 41, 6821‒6825. 
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B2(pin)2 with a mixture of CuCl and AcOK, in conjugate additions to -unsaturated 
carbonyls (Scheme 4.8). The nucleophilic borylcopper species 4.31 undergoes boron 
addition to enone 4.33 at 22 °C to afford -boryl product 4.34 in 86% yield (eq 4.3).  
Reaction of B2(pin)2 in the absence of Cu salt, however, proceeds to <10% conversion, 
indicating that borylcopper species is essential for promoting borylations. It was found 
that even a catalytic amount of (CuOTf)•C6H6 (5 mol %) with 11 mol % Bu3P promoted 
boron additions to cyclic enones as well as acyclic enones, giving rise to -boronates 4.35, 
4.36, and 4.37 with 67‒96 % yields. To gain an insight into the B‒B bond cleavage and 
generation of Cu‒B species, NMR study was carried out and reactions was checked at 
hourly intervals from a reaction mixture of B2(pin)2, CuCl, AcOK. When B2(pin)2 is 
treated with a mixture of CuCl and AcOK, a new signal in 1H NMR spectrum is observed. 
The relative intergration of the new signal compared to the starting material (B2(pin)2)  
slowly increased from 9% (30 min) to 99% (8 h), resulting in <4% of B2(pin)2 after 8 h. 
Thus, they proposed that nucleophilic borylcopper 4.31 might be generated as the active 
species, as shown in eq 4.3. 
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In 2005, Sadighi and coworkers reported the first characterized borylcopper 
complex and explored its reactivity with CO2, aldehydes and alkenes.18 As illustrated in 
Scheme 4.9, sterically demanding NHC copper alkoxide 4.40 is synthesized from the 
reaction of imidazolium salt 4.38 with CuCl and NaOt-Bu, followed by treatment of 4.39 
with NaOt-Bu. 19  The desired borylcopper complex 4.41 is obtained through -bond 
metathesis between the NHC-Cu-Ot-Bu 4.40 and B2(pin)2 due to the formation of the 
energetically favorable B‒O bond (~125 Kcal/mol). The structure of 4.41 was confirmed 
by X-ray crystallography, supporting the existence of borylcopper species.  
 
The reactivity of isolated borylcopper complex 4.41 toward styrene was 
investigated. The insertion of styrene into Cu‒B bond of 4.41, involving the formation of 
a new Cu‒C bond on -carbon and a new C‒B bond on -carbon of the styrene, was 
observed to give a single regioisomer 4.42 (eq 4.4 in Scheme 4.10). In addition, the 
                                                 
(18) (a) Laitar, D. S.; Müller, P.; Sadighi, J. P. J. Am. Chem. Soc. 2005, 127, 17196‒17197. (b) Laitar, D. S.; 
Tsui, E. Y.; Sadighi, J. P. J. Am. Chem. Soc. 2006, 128, 11036‒11037. (c) Laitar, D. S.; Tsui, E. Y.; Sadighi, 
J. P. Organometallics 2006, 25, 2405‒2408. 
(19) (a) Jurkauskas, V.; Sadighi, J. P.; Buchwald, S. L. Org. Lett. 2003, 5, 2417‒2420. (b) Kaur, H.; Zinn, F. 
K.; Stevens, E. D.; Nolan, S. P. Organometallics 2004, 23, 1157‒1160. (c) Mankad, N. P.; Laitar, D. S.; 
Sadighi, J. P. Organometallics 2004, 23, 3369‒3371. 
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borylcopper reagent, generated in situ from NHC-Cu complex 4.43 and B2(pin)2, was 
utilized in catalytic 1,2-additions to aryl- or aliphatic-substituted aldehydes affording 
boron addition products 4.44‒4.46 in 88‒95% yield (eq 4.5). Those results indicate the 
nucleophilic nature of the borylcopper species. 
 
Nozaki and coworkers demonstrated another approach to the preparation of 
borylcopper species. The authors extended the utility of boryllithium reagents to 
synthesis of nucleophilic borylcopper as well as borylsilver and borylgold complexes 
through transmetalation of 4.16 or 4.27 with transition metal salts.20  As depicted in 
Scheme 4.11, boryllithiums undergo transmetalation with NHC-CuCl 4.47 or CuBr in 
THF, generating isolable borylcopper complexes 4.48 and 4.49. A reactivity study of 
nucleophilic borylcopper 4.49 was carried out in its reaction with cyclohexenone to 
afford -borylate product with 80% yield.   
                                                 
(20) Segawa, Y.; Yamashita, M.; Nozaki, K. Angew. Chem., Int. Ed. 2007, 46, 6710‒6713. 
Chapter 4, Page 386 
 
 
The outlined experimental studies on borylcopper species point to a nucleophilic 
character of borylcopper complexes. In addition, theoretical studies were carried out to 
support their nucleophilic character and account for the reactivity and the selectivity in 
the reactions.  
4.2.2   DFT Studies on Borylation Involving Borylcopper Species    
Lin, Marder, and coworkers carried out DFT calculations of selective boron-
copper addition reactions to unsaturated substrates such as CO2,21 styrenes,22 aldehydes,23 
and ,-unsaturated carbonyls,24 providing insights into the mechanism of the borylation 
reactions. One representative example of DFT calculations for insertions of styrenyl 
substrates into Cu‒B bond in the NHC-Cu-boryl complex 4.41, represented in eq 4.4 in 
Scheme 4.10, will be discussed here.22 To probe the nature of the reaction of the styrene 
with a borylcopper species, Marder and coworkers analyzed the frontier molecular 
orbitals with model NHC-Cu-boryl complex 4.50 (Scheme 4.12) and styrene. Borylation 
                                                 
(21) Zhao, H.; Lin, Z.; Marder, T. B. J. Am. Chem. Soc. 2006, 128, 15637‒15643. 
(22) Dang, L.; Zhao, H.; Lin, Z.; Marder, T. B. Organometallics 2007, 26, 2824‒2832. 
(23) Zhao, H.; Dang, L.; Marder, T. B.; Lin, Z. J. Am. Chem. Soc. 2008, 130, 5586‒5594. 
(24) Dang, L.; Lin, Z.; Marder, T. B. Organometallics 2008, 27, 4443‒4454. 
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of the styrene involves the generation of the new C‒B and C‒Cu bonds and the cleavage 
of  Cu‒B and π alkene bonds. Therefore, the Cu‒B  and * molecular orbitals and the 
alkene π and π* molecular orbitals are considered as important frontier orbitals. The 
molecular orbital analysis indicates that the Cu‒B  molecular orbital corresponds to 
HOMO due to the very high lying Cu‒B * molecular orbital, which results in a big 
energy gap with the HOMO alkene π orbital. Thus, orbital overlap between the filled 
Cu‒B  molecular orbital as HOMO and the electrophilic alkene π* molecular orbital as 
LUMO is maximized. The calculation results are consistent with these observed 
experimentally: styrenes bearing electron-donating substituents, which render the π* of 
the alkene less electrophilic, slow insertions into Cu‒B bonds. 
Stereoelectronic effects of the insertion reaction between Cu‒B and alkene play a 
critical role in determining of the site selectivity. For example, an electron-withdrawing 
phenyl group on styrene shifts π-electron density from the terminal carbon toward 
benzylic carbon, making -carbon more electrophilic. Therefore, a nucleophilic boryl 
species attacks favorably on the carbon of the styrenyl substrate, accounting for the 
generation of a single regioisomer. The calculated energy values summarized in Scheme 
4.12 for the insertion of the styrene into NHC-Cu-boryl complex 4.50 are consistent with 
the observed regioselectivity. Nucleophilic copper-boron addition to the more 
electrophilic -carbon via a transition state TS-4.2, leading to the -borylation product 
4.51 has a lower barrier of 15.1 kcal/mol than the -borylation via TS-4.2’ with 24.7 
kcal/mol barrier. It is worth noting that the insertion of the styrene into Cu‒B bond is an 
unfavorable reversible process because a reverse process in the -borylation has a barrier 
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of 28.1 kcal/mol. Even though insertion step is not rate-determining step, the 
regioselectivity is determined in this step.  
 
The findings mentioned above indicate that computational results also support the 
nucleophilic character of a borylcopper species and establish that the nucleophilicity of 
the borylcopper influences the selectivity of reactions with electrophiles.  
4.2.3  Catalytic Enantioselective Copper-Boron Additions  
Compared to boryllithium, borylmagnesium, and borylzinc anions, borylcopper 
species are more versatile as borylating agents for C‒B bond formations including 
enantioselective reactions due to the easier preparation of borylcoppers under mild 
conditions from the commercially available diborons (B2(pin)2 and B2(cat)2), and the 
catalytic competence of copper salts in this reaction. In the following section, we will 
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outline the advances of catalytic enantioselective copper-boron additions to unsaturated 
substrates.  
4.2.3.a  Cu-Catalyzed Enantioselective Conjugate Additions of B2(pin)2                                      
Since Hosomi, Miyaura, and coworkers reported Cu-catalyzed conjugate 
additions of the diboron reagent to -enones in the presence of a phosphine, a number 
of reports regarding enantioselective copper-boron additions to a variety of unsaturated 
substrates in the presence of catalytic amounts of chiral phosphines or NHC ligands have 
been disclosed.25 In previous reports by Hosomi and Miyaura, the substrate scope in Cu-
catalyzed conjugate addition was limited to the activated -enones. The low reactivity 
of -unsaturated carbonyls toward catalytic conjugate borylations was addressed by 
Yun and coworkers, who disclosed that addition of MeOH as an additive enhances the 
rate of the reactions.26 As depicted in Scheme 4.13, conjugate addition of B2(pin)2 to -
unsaturated ester 4.53 in the presence of 3 mol % CuCl, 3 mol % phosphine, and 9 mol % 
NaOt-Bu proceeds to 48% conversion, but in the presence of two equivalents of MeOH, 
the reaction affords -boronate 4.54 in >98% conversion. 
                                                 
(25) For reviews on Cu-catalyzed enantioseletive copper-boron additions, see: (a) Lillo, V.; Bonet, A.; 
Fernández, E. Dalton Trans. 2009, 2899‒2908. (b) Schiffner, J. A.; Müther, K.; Oestreich, M. Angew. 
Chem., Int. Ed. 2010, 49, ASAP. 
(26) Mun, S.; Lee, J.-E.; Yun, J. Org. Lett. 2006, 8, 4887‒4889. 
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To explain the role of MeOH, the authors proposed a catalytic cycle for copper-boron 
addition to -unsaturated carbonyls, as presented in Cycle A in Scheme 4.14. The 
proposed mechanism was supported by DFT studies by Marder and coworkers. 27 The 
catalytic cycle begins with the complexation of the C‒C double bond to the Cu‒B 
complex I, generated in situ from -bond metathesis reaction of B2(pin)2 with Cu-OtBu, 
followed by the nucleophilic attack of borylcopper species I with the alkene (II  III). 
In this way, C-bound Cu(I) enolate III and not O-bound Cu(I) enolate is formed due to 
the relatively inert ester group. The calculated barriers indicate that the -bond 
metathesis between a Cu‒C bond and a B‒B bond is energetically unlikely, whereas 
reaction of a Cu‒O bond is almost barrierless. 28 Thus, the addition of MeOH facilitates 
trapping of the Cu‒C bond on complex III, which liberates the boronate product V along 
with the Cu‒OMe species IV, which undergoes -bond metathesis with B2(pin)2 to 
regenerate the active species I. On the other hand, in the borylation of -enone, as 
illustrated in Cycle B in Scheme 4.14, the C-bound Cu enolate VII undergoes a keto-to-
                                                 
(27)  Dang, L.; Lin, Z.; Marder, T. B. Organometallics 2008, 27, 4443‒4454. 
(28) The metathesis involving B2(pin)2 with Cu‒O bond has a much smaller barrier (3.3 kcal/mol) than the 
one involving Cu‒C bond (26.3 kcal/mol). See: Dang, L.; Zhao, H.; Lin, Z.; Marder, T. B. Organometallics 
2008, 27, 1178‒1189. 
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enol tautomerization to give an O-bound Cu enolate VIII, which allows for facile -bond 
metathesis with B2(pin)2. Therefore, in the transformations of -enones, the addition of 
MeOH is not required for efficient borylations. 
 
Enantioselective protocols of Cu-catalyzed conjugate borylation of -
unsaturated substrates bearing esters, nitriles, ketones, and amides have been described 
by Yun and coworkers.29 Reactions of acyclic activated olefins with B2(pin)2 and MeOH 
catalyzed by a chiral phosphine-copper complex derived from a mixture of CuCl, 
phosphine 4.57, and NaOt-Bu are efficient and enantioselective to afford the desired -
boronates in 81‒99% yield and up to >98:<2 er (Scheme 4.15). 
                                                 
(29) (a) Lee, J.-E.; Yun, J. Angew. Chem., Int. Ed. 2008, 47, 145‒147. (b) Sim, H.-S.; Feng, X.; Yun, J. 
Chem. Eur. J. 2009, 15, 1939‒1943. (c) Chea, H.; Sim, H.-S.; Yun, J. Adv. Synth. Catal. 2009, 351, 
855‒858. 
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In addition to Cu-catalyzed enantioselective borylations involving acyclic -
unsaturated substrates, Yun and coworkers reported the corresponding transformations of 
cyclic enones including five- to seven-membered rings.30 In the presence of 4 mol % 
chiral phosphine taniaphos 4.65 with MeOH, conjugate additions of B2(pin)2 afford -
boronates 4.35 and 4.66‒4.69 with high enantioselectivity (86:12 er to >99:<1 er) and 
76‒95% yield. Reaction of -methylcyclohexenone allowing for the formation of an 
enantiomerically enriched tertiary C‒B bond, however, affords the desired product in 
only moderate enantioselectivity (82:18 er).  
                                                 
(30) Feng, X.; Yun, J. Chem. Commun. 2009, 6577‒6579. 
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In 2009, Shibasaki and coworkers demonstrated the synthesis of enantiomerically 
enriched tertiary boronates through Cu-catalyzed conjugate borylations of trisubtituted 
cyclic enones that bear five- to seven-membered rings with -aryl, -alkyl substituents 
(Scheme 4.17).31 Unlike Yun’s conditions, reaction of cyclic enone 4.70 in the presence 
of 10 mol % Cu(CH3CN)4PF6 and 12 mol% (R,R)-quinoxp 4.71 does not require the 
addition of MeOH for complete conversion, generating the desired boronate 4.72 in 99% 
yield and 99:1 er. Thus, the products in the reaction mixture are boron enolates (vs Cu-
enolates), which can further react with electrophiles in a one-pot process. One example is 
shown in Scheme 4.17, where enantioselective addition of 4.73, diastereoselective aldol 
reaction, and oxidation in one pot generate product 4.74 in 71% yield with 95.5:4.5 er 
(6.5:1 dr).  
                                                 
(31) Chen, I-H.; Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 11664‒11665. 
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Fernández and coworkers employed the chiral monodentate NHC-Cu complex 
4.75 to promote copper-boron additions to acyclic -unsaturated carbonyls (Scheme 
4.18).32 Borylation of 4.76 in the presence of 2 mol % 4.75 and superstoichiometric 
quantities of MeOH proceeds efficiently (99% conversion), albeit with moderate 
enantioselectivity (86.5:13.5 er). 
 
 
 
 
                                                 
(32) (a) Lillo, V.; Prieto, A.; Bonet, A.; Díaz-Requejo, M. M.; Ramírez, J.; Pérez, P. J.; Fernández, E. 
Organometallics 2009, 28, 659‒662. (b) Fleming, W. J.; Müller-Bunz, H.; Lillo, V.; Fernández, E.; Guiry, 
P. J. Org. Biomol. Chem. 2009, 7, 2520‒2524. 
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4.2.3.b  Cu-Catalyzed Enantioselective Allylic Substitutions with B2(pin)2                                      
The synthesis of optically active allylic boronates through the Cu-catalyzed allylic 
substitutions of allylic carbonates with B2(pin)2 has been developed by Sawamura and 
coworkers.33  Nucleophilic borylcopper species activated by a chiral bidentate phosphine 
ligand undergoes formal SN2’ attack on aliphatic-substituted allylic carbonates, leading to 
the -selective formation of allylboronates (Scheme 4.19).34  Borylation of (Z)-allylic 
carbonate 4.78 in the presence of 5 mol % Cu(Ot-Bu) and 5 mol % chiral quinoxP 4.71 
with B2(pin)2 affords the desired allylboronate 4.79 in 85% yield with 97.5:2.5 er. Allylic 
carbonates bearing protected functional groups such as siloxy and benzoate moieties are 
tolerated in copper-boron additions, generating boronates 4.82 and 4.83 with moderate 
yields (67‒70%) in high enantioselectivity (97:3 er). Borylations to sterically hindered 
allylic carbonates (e.g., bearing isopropyl and cyclohexyl groups), however, are not 
competent (<2% conv). Furthermore, substrate scope is limited to disubstituted allylic 
substrates having aliphatic substituents.  
                                                 
(33) (a) Ito, H.; Kawakami, C.; Sawamura, M. J. Am. Chem. Soc. 2005, 127, 16034‒16035. (b) Ito, H.; Ito, 
S.; Sasaki, Y.; Matsuura, K.; Sawamura, M. J. Am. Chem. Soc. 2007, 129, 14856‒14857. (c) Ito, H.; Sasaki, 
Y.; Sawamura, M. J. Am. Chem. Soc. 2008, 130, 15774‒15775. (d) Ito, H.; Ito, S.; Sasaki, Y.; Matsuura, K.; 
Sawamura, M. Pure Appl. Chem. 2008, 80, 1039‒1045. 
(34) In the racemic reaction, it appeared that Pd-catalyzed allylic borylation proceeded in poor site 
selectivity. 
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A possible reaction mechanism for the catalytic copper-boron addition to allylic 
carbonates is illustrated in Scheme 4.20. Borylcopper complex I, obtained from the -
bond metathesis of copper(I) alkoxide with B2(pin)2, coordinates to the alkene to form 
Cu-alkene π-complex X. Nucleophilc boryl group attacks the more electrophilic -
position, generating the Cu‒C bond at -position and the C‒B bond at ‒position on the 
complex XI. Finally, the elimination of -alkoxy group from alkylcopper XI liberates the 
desired product XII and regenerates the copper alkoxide IV through decarboxylation.   
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In the subsequent report, Sawamura and coworkers disclosed the synthesis of 
enantiomerically enriched borylsilyl cyclopropanes through Cu-catalyzed 
enantioselective borylations of allylic carbonates. In contrast to copper-boron additions to 
aliphatic-substituted carbonates (Scheme 4.19), the corresponding reaction with (Z)-Si-
substituted allylic carbonate 4.85 generates a cyclopropylboronate 4.87, not allylic 
boronate, with 83% yield of trans-4.87 in 97:3 er (Scheme 4.21). Reactions of (E)-
substituted substrates required a higher catalyst loading (10 mol % vs 5 mol %) and a 
longer reaction time (29 h vs 8 h) than that of (Z)-substituted substrates. The formation of 
cyclopropane product can be explained by the difference in the site selectivity of copper-
boron addition such that nucleophilic attack of borylcopper species occurs on -position 
alkene due to the favorable interaction between the Cu‒C()  orbital and the Si‒C(Si) 
* orbital in the addition product 4.88. Subsequent intramolecular nucleophilic 
substitution of the Cu‒C() bond to the C()‒O bond as pictured in 4.89 would afford 
cyclopropylboronate 4.87, which can be utilized as a cross partner in Pd-catalyzed 
Suzuki-Miyaura coupling, allowing for the C‒C bond formation 4.90. 
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In an extension of the original method, the authors reported desymmetrization of 
meso-2-alkene-1,4-diol derivatives through Cu-catalyzed enantioselective allylic 
borylation. As depicted in Scheme 4.22, nucleophilic borylcopper species addition to the 
meso substrate 4.91 bearing an allylic carbonate moiety in the presence of 5 mol % 
Cu(Ot-Bu) and 5 mol % quinoxP 4.71 with B2(pin)2 furnishes the allylic boronate 4.91a, 
which subsequently reacts with electrophilic aldehyde in situ, forming the desired product 
4.92 with high enantioselectivity (98.5:1.5 er) and diastereoselectivity (>99:1 dr) in 87% 
yield through a one-pot reaction. A variety of electrophilic aromatic or aliphatic 
aldehydes can be utilized for highly diastereoselective allylation. Cu-catalyzed 
desymmetrizations with an acyclic meso-substrates and a six-membered ring meso-
substrate, however, are not efficient (<43% yield) requiring higher reaction temperature 
(50 °C) and longer reaction times (>68 h). 
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4.2.3.c  Cu-Catalyzed Copper-Boron Additions to Aldimines                                      
In addition to nucleophilic additions of borylcopper species to C‒C double bonds, 
the corresponding transformations to aldimines have been demonstrated by Ellman and 
coworkers for the synthesis of -amino boronates.35  Highly diastereoselective copper-
boron addition to a sulfinyl aldimine 4.93 promoted by 5 mol % of NHC-Cu complex 
4.94 with B2(pin)2 delivers the desired boronate 4.95 with 74% yield in >98:<2 dr 
(Scheme 4.23). In contrast, the use of Pt(cod)Cl under otherwise same conditions does 
not promote borylation of aldimine 4.93 (<2% conv). Products 4.97 and 4.98 bearing 
sterically demanding alkyl substituents are obtained efficiently in 81% and 88% yield 
respectively with high diastereoselectivity (>97:3 dr). In the cases of aryl-substituted 
aldimines, however, a higher catalyst loading (10 mol % vs 5 mol %) and a longer 
reaction time (48 h vs 17 h) are required, and lower yields (54% yield for 4.99 and 57% 
yield for 4.100 vs 74‒88% yields for 4.95, 4.97, and 4.98) are obtained due to the facile 
protodeborylation of -amino boronates during chromatography. The versatility of -
                                                 
(35) Beenen, M. A.; An, C.; Ellman, J. A. J. Am. Chem. Soc. 2008, 130, 6910‒6911. 
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amino boronate 4.95 was demonstrated by the efficient synthesis of bortezomib 4.96- a 
proteasome inhibitor drug- in 28% yield over six steps from aldimine 4.93. 
t
 
4.2.3.d  Cu-Catalyzed Hydroboration with Borylcopper Species                                      
While the utility of nucleophilic borylcopper species as a borylating reagent has 
been emerging in the site- and enantioselective C‒B bond formation through the 
conjugate addition and allylic substitution, attempts to expand the range of unsaturated 
substrates have been studied. One challenging class of substrates for copper-boron 
additions is aryl-substituted olefins, which can allow for the generation of hydroboration 
products.36  Transition metal-catalyzed enantioselective hydroborations of olefins have 
been well-developed, but most examples are promoted by precious metal salts such as Rh, 
Ir, and Pd catalysts.2 Thus, the development of Cu-catalyzed enantioselective 
hydroboration is important for the development of a practical and economical method to 
synthesize organoboron compounds, and a Cu-catalyst is expected to exhibit 
                                                 
(36) Recently, two examples of Cu-catalyzed enantioselective hydroboration of styrenes and 1,3-dienes 
have been reported. See: (a) Noh, D.; Chea, H.; Ju, J.; Yun, J. Angew. Chem., Int. Ed. 2009, 48, 6062 –6064. 
(b) Sasaki, Y.; Zhong, C.; Sawamura, M.; Ito, H. J. Am. Chem. Soc. 2010, ASAP. 
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complimentary reactivity and selectivity in hydoborations, compared to other metal 
catalysts. Since Sadighi and coworkers explored the insertion of styrene into a 
stoichiometric amount of nucleophilic NHC-Cu-boryl complex 4.41 (see Scheme 4.10), 
only a single instance of catalytic copper-boron addition to styrene leading to the 
hydroboration product has been reported by Fernández and coworkers.37 As shown in 
Scheme 4.24, Cu-catalyzed hydroboration of styrene with catecholborane in the presence 
of 5 mol % NHC-Cu complex 4.39 proceeds to 95% conversion to afford a mixture of 
alcohol products, after oxidative workup, however, site selectivity is not highly controlled 
(27:73 = 4.101:4.102, Scheme 4.24).  
 
In contrast to the finding in Scheme 4.24, the borylation of styrene with stoichiometric 
amounts of copper-boron complex 4.41, derived from B2(pin)2 and NHC-Cu alkoxide 
4.40, gives rise to only the -regioisomer where site selectivity is controlled by 
stereoelectronic effects between a nucleophilic borylcopper species and an electrophilic 
alkene as illustrated in Scheme 4.10. Based on this disclosure, we envisioned Cu-
catalyzed hydroboration of disubstituted olefins activated by aryl groups with B2(pin)2. 
Our approach to catalytic turnover for a catalytic cycle of the boron-copper addition is 
                                                 
(37) Lillo, V.; Fructos, M. R.; Ramírez, J.; Braga, A. A. C.; Maseras, F.; Díaz-Requejo, M. M.; Pérez, P. J.; 
Fernández, E. Chem. ‒Eur. J. 2007, 13, 2614‒2621. 
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outlined in Scheme 4.25.  The alkylcopper complex 4.103 obtained from the copper-
boron addition to olefin needs an additive to liberate the boronate product 4.104 and to 
generate Cu species, which can react with B2(pin)2 to regenerate a catalytically active 
intermediate I. 
 
We then noted a report on reactions of -unsaturated esters with B2(pin)2 catalyzed by 
a phosphine-Cu complex as outlined in section 4.2.3.a. An alcohol additive facilitates the 
rate of the reaction through the protonation of the resulting C‒Cu bond and the 
regeneration of a catalytically active Cu-alkoxide. Such a consideration led us to consider 
MeOH as an additive, which would allow for the protonation of the C‒Cu bond on the 
intermediate 4.103, constituting net hydroboration reaction. Thus, when we subjected 
(E)--methylstyrene 4.105 to 0.5 mol % NHC-Cu complex 4.107, NaOt-Bu and 1.1 equiv 
of B2(pin)2 in the presence of 2.0 equiv of MeOH, the hydroboration product 4.106, as a 
single -regioisomer, was obtained  at 22 C within 10 min, as shown in eq 4.6 (>98% 
conv, >98% site selectivity). 
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4.2.4   Transition Metal-Catalyzed Hydroborations of Olefins 
Before the discussion of Cu-catalyzed hydroborations in detail, the transition 
metal-catalyzed hydroborations of olefins will be reviewed briefly. The hydroboration of 
alkenes in the presence of a mixture of AlCl3 and NaBH4 was first discovered by H. C. 
Brown in 1956.38  Although reaction with a borane reagent such as most commonly used 
borane BH3•THF does not usually require a catalyst to promote boron addition, 
introducing a metal catalyst for boylations is important, because the mechanisms of the 
uncatalyzed and catalyzed hydroboration are different, leading to the differences in 
chemoselectivity, regioselectivity, and diastereoselectivity. In addition, reactions with 
less reactive hydroborating agents bound to heteroatoms such as catecholborane (HBcat) 
and pinacolborane (HBpin) are readily promoted by metal catalysts. Moreover, efficient 
enantioselective hydroboration can be catalyzed by a catalytic amount of a metal catalyst 
and a chiral ligand.  
The development of a catalytic hydroboration process was aided by the 
observation that a borylrhodium complex 4.11039 was synthesized through the treatment 
of Wilkinson’s catalyst 4.109 with catecholborane 4.108, reported by Kono and 
                                                 
(38) Brown, H. C. J. Am. Chem. Soc. 1956, 78, 5694‒5695. 
(39) For reviews on transition metal-boryl complexes, see: (a) Irvine, G. J.; Lesley, M. J. G.; Marder, T. B.; 
Norman, N. C.; Rice, C. R.; Robins, E. G.; Roper, W. R.; Whittell, G. R.; Wright, L. J. Chem. Rev. 1998, 
98, 26852722. (b) Braunschweig, H.; Colling, M. Coord. Chem. Rev. 2001, 223, 151. 
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coworkers in 1975 (Scheme 4.26).40 Subsequently, Marder, and Baker, and coworkers 
reported the isolation of the oxidative addition adduct of RhClP(i-Pr)3 and catecholborane 
similar to the complex 4.110; the adduct was characterized by X-ray crystallography, 
confirming the existence of the borylrhodium species. 41  The first metal-catalyzed 
hydroboration was disclosed by Männig and Nöth in 1985.42 They reported that the 
Wilkinson’s catalyst is effective in chemoselective addition of catecholborane 4.108 to 
various alkenes. For example, in the presence of 0.05 mol % Rh(PPh3)3Cl 4.109, a C‒C 
double bond on the enone 4.111 undergoes rapid addition with catecholborane to afford 
4.113 in 78% yield; however, in the absence of a catalyst, only the carbonyl group 4.111 
is reduced by borane 4.108, generating 4.112 (Scheme 4.26). Since this seminal report of 
Rh-catalyzed hydroboration, many metals including Ni, Pd, Ru, Ir, Sm, Ti, and Zr have 
been employed in the corresponding transformation.2 
 
                                                 
(40) Kono, H.; Ito, K.; Nagai, Y. Chem. Lett. 1975, 1095‒1096. 
(41) Westcott, S. A.; Taylor, N. J.; Marder, T. B.; Baker, R. T.; Jones, N. J.; Calabrese, J. C. J. Chem. Soc., 
Chem. Commun. 1991, 304‒305. 
(42) Männig, D.; Nöth, H. Angew. Chem. Int. Ed. 1985, 24, 878‒879. 
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A general mechanism of Rh-catalyzed hydroboration of alkene with HB(cat) is 
illustrated in Scheme 4.27. The catalyst initiates through dissociation of one phosphine 
from Willkinson’s catalyst 4.109, followed by the oxidative addition of catecholborane, 
forming borylrhodium complex 4.110 (Scheme 4.26).39,40 Coordination of olefin to 4.110 
generates six-coordinate intermediate 4.115. After the formation of 4.116 through the 
insertion of the olefin into Rh‒H bond of 4.115, reductive elimination of alkyl and boryl 
groups of 4.116 occurs to afford the borylated product and to regenerate catalyst 4.114. 
The proposed mechanism has been supported by experimental and theoretical studies.43  
 
In addition to the pathway presented in Scheme 4.27 (from 4.115 to 4.116), there 
are other possible pathways, which can generate a different regioisomer, or byproducts 
such as alkenylboronates and alkanes, depending on the nature of substrates and ligands.  
                                                 
(43) For representative examples of mechanistic studies for catalytic hydroborations, see: (a) Musaev, D. 
G.; Mebel, A. M.; Morokuma, K. J. Am. Chem. Soc. 1994, 116, 10693‒10702. (b) Widauer, C.; 
Grützmacher, H.; Ziegler, T. Organometallics 2000, 19, 2097‒2107. (c) Rickard, C. E. F.; Roper, W. R.; 
Williamson, A.; Wright, L. J. Angew. Chem. Int. Ed. 1999, 38, 1110‒1113. (d) Evans, D. A.; Fu, G. C.; 
Anderson, B. A. J. Am. Chem. Soc. 1992, 114, 6679‒6685. 
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As summarized in Scheme 4.28, the complex 4.115 may undergo insertion of an alkene 
into Rh-B bond instead of Rh-H bond to afford intermediate 4.118 or 4.119, which upon 
reductive elimination (R.E.) would furnish primary or secondary alkylboronates. 
Dehydrogenative borylation through -hydride elimination of the intermediate 4.118 or 
4.119 can occur to generate vinylboronates 4.121a and 4.121b. By this pathway, 
hydrogen is frequently liberated, which can promote further hydrogenation of the 
substrate, resulting in the formation of an alkane (RCH2CH3) 4.121c. The mechanism of 
Cu-catalyzed borylations can be compared to that of Rh-catalyzed protocols. Fewer 
reaction manifolds are accessible to Cu‒B, for example, reductive elimination and -
hydride elimination reactions are not feasible (see Scheme 4.14 or 4.25). Additionally, 
site selectivity is controlled by stereoelectronic effects between nucleophilic boryl copper 
species and activated electrophilic olefins. Therefore, we may expect more efficient 
hydroboration in the presence of a Cu catalyst.  
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Catalytic enantioselective hydroborations of olefins in the presence of a variety of 
transition metals have been developed since Burgess, 44  Hayashi, 45  and coworkers 
pioneered initial examples of Rh-catalyzed hydroborations of styrenes. Hayashi and 
coworkers demonstrated that 1 mol % of chiral phosphine-Rh(I) complex promotes 
hydroboration of styrenes bearing electron-donating or electron-withdrawing groups with 
catecholborane to afford α-regioisomeric alkylboranes preferably with high 
enantioselectivity (up to 98:2 er). The observed major regioisomers complement those 
obtained through uncatalyzed hydroboration of substituted styrenes. 46  For example, 
                                                 
(44) Burgess, K.; Ohlmeyer, M. J. J. Org. Chem. 1988, 53, 5178‒5179. 
(45) Hayashi, T.; Matsumoto, Y.; Ito, Y. J. Am. Chem. Soc. 1989, 111, 3426‒3428. 
(46) (a) Brown, H. C.; Sharp, R. L. J. Am. Chem. Soc. 1966, 88, 5851‒5854. (b) Klein, J.; Dunkelblum, E.; 
Wolff, M. A. J. Organomet. Chem. 1967, 7, 377‒384. 
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optically active secondary alcohols 4.122‒4.126 are obtained in 74‒98% yield with 
91:9‒98:2 er (Scheme 4.29). 
 
Although a number of methods for enantioselective hydroborations of olefins 
have been studied to afford optically active alkylboranes with high enantioselectivity, 
most transformations are catalyzed by expensive Rh-based catalyst in the presence of 
chiral phosphine-based ligands. Moreover, the control of regioselectivity in 
hydroborations with disubstituted olefins and the generation of byproducts (see Scheme 
4.28) remain unaddressed. Herein we describe an efficient method for catalytic 
hydroborations of disubstituted olefins with B2(pin)2 in the presence of readily available 
NHC ligands and a commercially available inexpensive Cu salt to afford organoborane 
compounds.  
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4.3 Efficient Hydroboration of Disubstituted Alkenes Promoted by 
NHC-Cu Complexes 
4.3.1  Search for Optimal Conditions 
First we established that treatment of (E)--methylstyrene 4.105 with a 
stoichiometric amount of Cu complex 4.107 (1 equiv), B2(pin)2, and NaOt-Bu delivers a 
complex mixture, only 20% of which is boronate 4.106 (after aqueous quench; entry 1, 
Table 4.1). When MeOH is employed, the reaction of 4.105 in the presence of 0.5 mol % 
NHC-Cu 4.107 and NaOt-Bu (Scheme 4.25) affords β-boronate 4.106 in 98% yield and 
98% site selectivity at 22 °C in 10 min (entry 2). To examine the role of NaOt-Bu, we 
carried out hydroboration in the absence of NaOt-Bu under otherwise same conditions 
used in entry 2; no reaction was observed (<2% conv, entry 3). This indicates that the 
generation of a copper alkoxide species from reaction of NHC-CuCl with NaOt-Bu is 
critical to initiate a catalytic cycle. Without the addition of MeOH, reaction does not 
proceed (<2% conv, entry 4).47 In addition, in the absence of a Lewis basic ligand, 
hydroboration is not promoted (entry 5); electron donation from the Lewis basic ligand 
makes borylcopper species more nucleophilic. Next, we examined the ability of various 
Lewis bases including NHC as well as phosphine ligands to promote borylation of the 
alkene 4.105. When unsaturated NHC-Cu 4.127, a complex related to the one employed 
in previously reported stoichiometric studies (Scheme 4.10), serves as a catalyst (entries 
6‒7, Table 4.1), additions are less efficient; hydroboration in the presecence of 1 mol % 
                                                 
(47) Hydroboration of styrene with catecholborane in the presence of 5 mol % (IPr)-Cu 4.39 proceeds to 95% 
conversion, as shown in Scheme 4.24. See: ref (37). 
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4.127 proceeds to 77% conversion in 24 h. Processes promoted by complex 4.128 (entries 
8‒9, Table 4.1) proceed even less readily (20% conv in 24 h).  
t-
a
b
c
a b
c t  
 
Reaction of 4.105 in the presence of 1 mol % PPh3 proceeds to <10% conversion in 24 h 
(entry 10). Bidentate phosphine (PPh2(CH2)2PPh2) is more effective, compared to 
monodentate phosphine (75% conv in entry 12 vs 10‒50% conv in entries 10‒11, Table 
4.1), but phosphine-based catalysts are still substantially less effective than NHC 
complexes. The superior activity of the more strongly σ-donating NHC-Cu systems (vs P-
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based variants) is consistent with theoretical studies (see section 4.2.2) indicating that the 
olefin substrate serves predominantly as a π-Lewis acid in this class of transformations.  
 
A -boronateregioisomer 4.106 obtained from Cu-catalyzed hydroboration of 
(E)-β-methylstyrene 4.105 with B2(pin)2 complements the product derived from 
uncatalyzed or Rh-catalyzed hydroboration.48 Uncatalyzed reaction of 4.105 with 9-BBN 
or BH3•THF delivers the alternative boronate regioisomer preferentially (benzylic C‒B; 
4.129:4.130 95:5 and 88:12, respectively, at 22 °C, eq 4.7 and eq 4.8). As the 
representative example in eq 4.9 indicates, Rh-catalyzed enantioselective hydroboration 
of 4.105 with HB(cat) in the presence of chiral rhodium complex 4.131, followed by 
oxidative workup, furnishes the benzylic alcohol 4.129 with 99:1 site selectivity rather 
that -regioisomer 4.130.  
 
                                                 
(48) See: ref (5). 
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To elucidate the role of MeOH in protonolysis of C‒Cu bond generated by 
copper-boron addition to (E)-β-methylstyrene 4.105, and regenerating the catalytically 
active alkoxy copper, hydroboration of 4.105 was carried out with two equivalents of 
MeOD. As shown in eq 4.10, deuterated -boronate 4.106-d1 is obtained in >98% yield 
as a single diastereomer (>98:<2 dr, >98% D incorporation). 49  The efficient and 
stereoselective C‒D bond formation underlines an important advantage of the present 
approach (vs processes involving borohydrides): diastereoselective capture of the 
intermediate C‒Cu bond with other classes of electrophiles (e.g., C-based) might 
constitute the development of additional catalytic and versatile protocols. 
 
Reaction of (Z)-β-methylstyrene (Z)-4.105 is less efficient (vs the E isomer).  Even with 
higher catalyst loading of 5 mol % 4.107 (vs 0.5 mol %, entry 2 in Table 4.1), 
hydroboration proceeds to 49% conversion in 10 min to afford boronate 4.106 in 41% 
yield; further conversion is not observed after 24 h (eq 4.11). The observed low activity is 
presumably due to effective Cu-olefin coordination requiring aryl-alkene conjugation 
                                                 
(49) To obtain an authentic sample of the diastereomer obtained from reaction of (E)-β-methylstyrene, the 
Cu-catalyzed process was carried out with the (Z)-β-methylstyrene under identical conditions and quenched 
with MeOD in the same manner.  The stereochemical identity of the deuterated product (4.106-d1) is 
established by analysis and comparison of the 1H NMR and 13C NMR spectra of the derived diastereomeric 
alcohols (obtained through oxidation with H2O2) with those previously reported for (1S, 2R)-1-phenyl(1-
D)propan-2-ol (see: Moufid, N.; Renaud, P.; Hassler, C.; Giese, B. Helv. Chim. Acta, 1995, 78, 1006‒1012). 
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(lowering of alkene π* and more effective back-bonding),50 a conformation that suffers 
from allylic strain.  
 
4.3.2  Substrate Scope in Cu-Catalyzed Hydroboration 
A range of aryl alkenes can be used efficiently in Cu-catalyzed hydroboration 
promoted by 0.5‒5.0 mol % of NHC-Cu catalyst (Table 4.2); β-regioisomeric boronates 
are obtained in all instances (>98:<2 site selectivity). Reaction of p-methoxy-(E)-β-
methylstyrene is less efficient (0.5 mol % 4.107, 58% conv, entry 1 in Table 4.2) and 
requires a higher catalyst loading (3 mol % 4.107, entry 3 in Table 4.2) for complete 
conversion than that of (E)-β-methylstyrene (0.5 mol % 4.107, >98% conv, entry 2 in 
Table 4.1). A comparison of the data in entry 2 with the data in entry 5 indicates that 
hydroboration of p-methoxy-(E)-β-methylstyrene in the presence of 1 mol % 4.107 is less 
reactive than that of p-trifluoromethyl-β-methylstyrene (82% conv vs >98% conv). It 
should be noted that reaction of a 33:67 mixture of (E)- and (Z)-p-trifluoromethyl-β-
methylstyrene in the presence of 1 mol % of NHC 4.107 undergoes complete conversion 
within 5 h, affording the desired boronate 4.133 in 91% yield (entry 5); hydroboration of 
(Z)-β-methylstyrene 4.105 that does not include an electron-withdrawing group is not 
efficient, as shown in eq 4.11 (5 mol % 4.107, 49% conv). The data summarized in entry 
4 of Table 4.2 illustrates that (E)-olefin is transformed faster than (Z)-olefin; 52% of 
                                                 
(50) For related DFT calculations, see: ref (22) and (24). 
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unreacted (Z)-olefin is observed (entry 4). These findings in entries 1‒5 are consistent 
with the aforementioned electronic requirements; electron-donating group on the phenyl 
unit renders the alkene less electrophilic. Sterically hindered olefins (entries 6‒7) undergo 
hydroboration with high efficiency and without detectable loss of site selectivity. 
Compared to hydroboration of (Z)-β-methylstyrene (Z)-4.105 (eq 4.11), cyclic (Z)-
alkenes indene (entry 8) and dihydronaphthalene (entry 9) undergo the reaction with 
complete conversion, furnishing boronates 4.136 and 4.137 with 92% and 97% yield, 
respectively.  
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Cu-catalyzed hydroborations tolerate a variety of functional groups. Reaction of 
an allylic carbonate 4.138 bearing a phenyl group in the presence of 5 mol % of NHC-Cu 
complex 4.107 in THF 51  delivers α-carbamylboronate 4.139 in 76% yield without 
complications arising from allylic substitution (<2%; 400 MHz 1H NMR analysis, eq 
4.12 in Scheme 4.30); oxidation with H2O2 affords the derived cyclic carbonate in 61% 
overall yield. It should be noted that catalytic copper-boron additions to aliphatic-
                                                 
(51) Reaction of 4.138 in toluene under otherwise same conditions represented in eq 4.12 is less efficient 
(<90% conversion). 
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substituted allylic carbonates undergo allylic substitution rather than hydroboration, 
generating allylic boronates, as illustrated in section 4.2.3.b. The difference in 
chemoselectivity between aryl- and aliphatic-substituted allylic carbonates is likely due to 
the fact that a π-electron-withdrawing aryl substituent on the allylic carbonate shifts 
electron density from the β-position on the alkene toward the aryl group, making the β-
carbon more electrophilic. As a result, a nucleophilic borylcopper species attacks β-
position, leading to hydroboration. Allylic acetate and allylic ethers also efficiently 
undergo hydroboration with 1‒2 mol % NHC-Cu 4.107 in toluene. Boronates 4.141, 
4.142, and 4.143 are isolated in 82%, 99%, and 96% yield, respectively (Scheme 4.30). 
Cu-catalyzed hydroboration of chromene, a cyclic ether, in the presence of 1 mol % 
4.107 affords the cyclic β-boronate 4.144 in >98% yield.  
t
t
 
With allylic alcohol 4.145, the use of MeOH is not needed: reaction proceeds to >95% 
conversion in 20 min and 4.146 is obtained in 80% yield after workup with mild acid (eq 
4.13). 
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In contrast to efficient copper-boron addition to aryl-substituted olefins, the 
corresponding transformation does not occur (<2% conv) with an aliphatic-substituted 
olefin such as trans-2-octene under same conditions as represented in Table 4.2. This 
finding indicates that lowering the energy of the π* orbital of the alkene as an 
electrophile is essential. Otherwise, the more strongly σ-donating NHC-Cu systems need 
to be further developed.  
 
4.4 Cu-Catalyzed Enantioselective Hydroboration Reactions of 
Disubstituted Alkenes   
4.4.1  Identification of an Optimal Chiral NHC Ligand 
The high efficiency of 4.107 in initiating additions to aryl-substituted alkenes 
bodes well for the development of Cu-catalyzed enantioselective hydroborations for the 
synthesis of enantiomerically enriched alkylboronates. Enantioselective hydroboration of 
4.105 with B2(pin)2 in the presence of 0.5 mol % of chiral monodentate NHC-Cu 
complex 4.147 in toluene at 22 °C affords β-boronate 4.106 with >98% conversion in 10 
min, but with low enantioselectivity  (62:38 er, eq 4.14).  
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As summarized in Scheme 4.31, we then examined the ability of a variety of chiral NHC 
ligands, previously developed in our laboratories, to promote efficient and highly 
enantioselective Cu-catalyzed hydroboration of (E)-β-methylstyrene 4.105. In all 
transformations, in the presence of chiral NHC-Cu catalysts, only β-regioisomer is 
obtained (>98:<2 site selectivity). Reaction with an NHC-Cu complex, in situ generated 
by treatment of imidazolinium salt I-21 with CuCl and NaOt-Bu, furnishes products with 
the similar enantioselectivity (62:38 er) to that with isolated NHC-Cu complex 4.147 
(60:40). Therefore, we pursued the use of this combination of imidazolinium salts, CuCl 
and NaOt-Bu, generating NHC-CuOt-Bu in situ. With sterically demanding monodentate 
imidazolinium salt I-22, the reaction proceeds to 98% conversion with slightly improved 
enantioselectivity (66.5:33.5 er vs 60:40 er with I-21). Hydroborations in the presence of 
chiral bidentate NHC-Cu complexes, obtained from phenol-containing imidazolinium 
salts I-2 and I-7, afford the desired product with 61:39 er and 73.5:26.5 er, respectively, 
albeit at lower conversions (33‒79% conv), compared to those with monodentate NHC-
Cu catalysts (>98% conv). When a bidentate imidazolinium salt I-3 bearing a sulfonate 
group at 22 °C is employed, higher enantioselectivity is obtained (85:15 er) than with 
monodentate I-20 (60:40 er) and biphenol-based bidentate I-2 (61:39 er), although higher 
catalyst loading (5 mol % vs 1 mol %) is required. At ‒50 °C, reaction with I-3 proceeds 
to 44% conversion, but with improved enantioselectivity 92:8 er of 4.106 (Scheme 4.31).  
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To further improve the reactivity and enantioselectivity in Cu-catalyzed 
hydroboration, we prepared modified sulfonate-containing imidazolinium salts, as shown 
in Scheme 4.32. Ligand I-18, bearing smaller aryl-sustituents (vs Mesityl group in I-13), 
promotes the hydroboration of 4.105 with diminished efficiency, presumably due to the 
decomposition of the NHC ligand (<10% conv). In contrast, Cu-catalyzed hydroboration 
with more sterically demanding imidazolinium salt I-15 bearing a diethylphenyl 
substituent affords the β-boronate 4.106 with better enantioselectivity 95.5:4.5 er than 
that with I-3 (92:8 er). Reactions with modified imidazolinium salts I-16, I-17, and I-19 
bearing a monophenyl backbone proves less enantioselective (90.5:9.5‒95:5 er vs 
95.5:4.5 with I-15) with low conversions (25‒40% conv). 
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So far, hydroboration of 4.105 in the presence of an NHC-Cu complex generated 
from a mixture of 5 mol % of I-15, 5 mol % CuCl, and 20 mol % NaOt-Bu at ‒ 50 °C 
ensures high enantioselectivity, but with only 43% conversion. To obtain an appreciable 
yield of the isolated product, reaction was carried out with an increased catalyst loading 
(7.5 mol % vs 5 mol %) in the presence of KOt-Bu instead of NaOt-Bu and with 
extended reaction time (48 h vs 24 h). Under those conditions, we could achieve higher 
conversion (91% conv) with 77% yield of the β-boronate 4.106 in 94.5:5.5 er (Scheme 
4.33). 52  Comparison of the reaction enantioselectivities with I-16, I-17, and I-19 
demonstrated that enhanced steric bulk of the N-aryl substituent of the NHC ligand is 
responsible for augmented enantioselectivites (Scheme 4.32). Thus, we synthesized a 
more sterically demanding triisopropylphenyl (vs mesityl and diethylphenyl)-substituted 
imidazolinium salt I-20 bearing a diphenyl backbone. Although the reaction is carried out 
                                                 
(52) The reaction with I-15 and NaOt-Bu under otherwise the same conditions used in Scheme 4.33 
proceeds to 80% conversion to afford the desired product 4.106 in 95.5:4.5 er with 75% yield.  
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with the sterically more demanding NHC-Cu complex derived from the reaction of I-20 
with CuCl and KOt-Bu, the hydroboration is as efficient as that with I-15 (91% conv) and 
affords the β-boronate 4.106 with high enantioselectivity 99:1 er and in 80% yield 
(>98:<2 site selectivity, Scheme 4.33). With the optimal sterically hindered 
imidazolinium salt I-20, we proceeded to establish the substrate scope of Cu-catalyzed 
enantioselective hydroborations of 1,2-disubstituted alkenes.  
 
4.4.2  Cu-Catalyzed Enantioselective Hydroboration of  Acyclic (E)-Olefins 
A variety of 1,2-disubstituted alkenes can be applied in Cu-catalyzed 
enantioselective hydroboration in the presence of I-20 (7.5 mol %) for the synthesis of 
enantiomerically enriched boronates or alcohols after oxidative workup. Reaction of 
alkene 4.148 bearing an ether group proceeds to 87% conversion to furnish α-
hydroxymethyl ether 4.149 in 98:2 er with 63% yield, as shown in Scheme 4.34. A 
sterically demanding substrate bearing an o-methylphenyl unit undergoes the reaction 
with diminished efficiency, delivering 4.150 in 53% conversion (vs 87% conversion with 
an alkene 4.148 bearing phenyl unit) in 94.5:5.5 er. With less sterically hindered ligand I-
15 (vs I-20), hydroboration of o-methylphenyl-substituted alkene to afford 4.150 under 
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the same conditions proceeds to complete conversion at the cost of lower 
enantioselectivity (88.5:11.5 er vs 94.5:5.5 er with I-20). In addition to α-hydroxy ethers, 
a diol product 4.151 is formed in the presence of I-20 in 98:2 er and 74% yield (Scheme 
4.34). When the corresponding transformation of a cyclic olefin, 1,2-dihydronaphthalene, 
was performed under the same conditions, the product 4.152 was furnished with low 
conversion (13% conv) and poor enantioselectivity (60:40 er).  
t-
a  
4.4.3  Cu-Catalyzed Enantioselective Hydroborations of Cyclic (Z)-Olefins 
To improve enantioselectivitis and yields of hydroborations involving cyclic 
olefins, a ligand screening study was carried out with modified chiral NHC-Cu catalysts. 
First, chiral bidentate NHC-Cu complexes that bear a sulfonate group or a phenol moiety 
on the N-aryl substituent were examined in the hydroboration of the cyclic olefin 4.153, 
as depicted in Scheme 4.35. The NHC-Cu complexes derived from imidazolinium salts I-
3 and I-15, bearing smaller N-aryl substituents, as compared to I-20, promote 
hydroborations with higher conversion (31‒44 % conv vs 13% conv) but with low 
enantioselectivity (up to 64:36 er). When chiral biphenol-based bidentate ligand I-2 is 
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subjected, the β-boronate 4.137 is obtained in improved conversion and enantioselectivity 
(66% conv, 84:16 er). Further ligand screening of modified biphenol-containing 
imidazolinium salts I-5‒I-7 proved unsuccessful in improving enantioselectivity 
(65:35‒67.5:32.5 er, Scheme 4.35). 
t-
i
i
i
i i
 
Subsequently, we examined the ability of a variety of chiral monodentate 
imidazolinium salts to catalyze the enantioselective copper-boron addition to cyclic olefin 
4.153 (Scheme 4.36). Several points are noteworthy from the data summarized in Scheme 
4.36: (1) more sterically demanding C1-symmetric ligand I-23 (vs I-21) undergoes more 
enantioselective hydroboration (89.5:10.5 er vs 80:20 er). (2) Reaction with a C2-
symmetric imidazolinium salt I-24, affords the β-boronate 4.137 with no appreciable 
improvement (86:14 er and 63% yield). (3) Sterically hindered C2-symmetric 
imidazolinium salt I-25 gives rise to highest enantioselectivity 91.5:8.5 er, but with low 
efficiency (20% conversion). These results indicate that it is necessary to design and 
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develop more efficient chiral NHCs including C1- and C2-symmetric NHCs that will 
exhibit enhanced reactivity and enantioselectivity in enantioselective hydroborations of 
cyclic (Z)-olefins. 
 
In the course of ligand screening for the enantioselective hydroboration of 
dihydronaphthalene 4.153, various chiral monodentate imidazolinium salts were also 
tested for the corresponding process with chromene 4.154 (Scheme 4.37).  In contrast to 
the reaction of 4.153, Cu-catalyzed hydroboration of 4.154 proceeds to complete 
conversion under the same conditions. C2-symmetric ligand I-24 is the most effective, 
affording the desired product 4.144 in 98% yield and 94.5:5.5 er.  
t-
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The findings in Schemes 4.35‒4.37 indicate that a chiral monodentate NHC-Cu catalyst 
is more effective than a chiral bidentate NHC-Cu catalyst for the enantioselective 
hydroboration of cyclic olefins. In contrast, a sulfonate-containing chiral bidentate NHC-
Cu catalyst promotes efficiently the hydroborations of acyclic (E)-olefins with high 
enantioselectivity. Additional experiments are required to further elucidate mechanistic 
details to account for those differences. 
4.4.4  Cu-Catalyzed Hydroborations: Expanded Substrate Scope 
Next, we expanded the substrate scope of Cu-catalyzed hydroborations to 
heterocyclic olefin 4.155, instead of aryl-substituted olefins. As depicted in eq 4.15, the 
reaction of heterocyclic alcohol 4.155 in the presence of 7.5 mol % chiral imidazolinium 
salt I-20, 7.5 mol % CuCl, and 30 mol % NaOt-Bu in the absence of MeOH at ‒15 °C 
affords the desired diol 4.156 in 72% conversion with high enantioselectivity 98.5:1.5 er 
and >98:<2 site selectivity, after acidic workup. This result highlight the ability of the 
heterocyclic ring to render the π* of the alkene more Lewis acidic as a phenyl substituent 
does.  
 
Additionally, we investigated Cu-catalyzed hydroboration involving a 
trisubstituted (E)-olefin 4.157 with bis(pinacolato)diboron; in the presence of 5 mol % 
achiral NHC-Cu complex 4.107, boronate 4.158 is obtained as a single diastereomer (1H 
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NMR analysis) in 92% yield (>98% conv, >98:<2 dr, >98:<2 site selectivity, eq 4.16). 
When a chiral NHC-Cu complex derived from imidazolinium salt I-20 is used, the 
hydroboration of 4.157 at ‒15 °C proceeds to 55% conversion, constructing two 
stereogenic centers in 4.158 with 94.5:5.5 er, as shown in eq 4.17.  In conclusion, we 
demonstrate the ability of NHC-Cu catalysts to promote copper-boron additions to aryl-, 
heterocyclic-disubstituted as well as trisubstituted olefins efficiently and selectively. 
t-
t-
 
 
4.5 Studies of Cu-Catalyzed Enantioselective Allylic Substitutions 
with B2(pin)2 
Optically enriched allylboronates are important intermediates, allowing for a 
nearly perfect stereogenicity transfer to afford chiral building blocks.53 Sawamura and 
coworkers reported Cu-catalyzed enantioselective allylic substitutions of allylic 
carbonates with B2(pin)2 promoted by a chiral bidentate phosphine as reviewed in section 
                                                 
(53) For the synthesis of α-chiral allylboronates through asymmetric catalysis, see: (a) Gao, X.; Hall, D. G. 
J. Am. Chem. Soc. 2003, 125, 9308‒9309. (b) Pelz, N.; Woodward, A.; Burks, H.; Sieber, J.; Morken, J. J. 
Am. Chem. Soc. 2004, 126, 16328‒16329. (c) Gerdin, M.; Moberg, C. Adv. Synth. Catal. 2005, 347, 
749‒753. (d) Carosi, L.; Hall, D. G. Angew. Chem., Int. Ed. 2007, 46, 5913‒5915. (e) Peng, F.; Hall, D. G. 
Tetrahedron Lett. 2007, 48, 3305‒3309. 
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4.2.3.b. The desired allylic boronates are obtained with high enantiomeric purity, up to 
98:2 er, but the substrate scope is limited to disubstituted allylic carbonates that bear the 
less sterically demanding aliphatic substituents; isopropyl- and cyclohexyl-substituted 
substrates do not undergo allylic boronations. Thus, it is necessary to develop more 
efficient methods for catalytic enantioselective allylic boronations with B2(pin)2. We are 
interested in the application of our NHC-Cu catalysts in the corresponding processes to 
address the limitations of phosphine-based catalytic protocols.  
First we examined the Cu-catalyzed enantioselective allylic boronation of allylic 
carbonate 4.159 with B2(pin)2, promoted by a chiral monodentate NHC-Cu(I) complex 
4.147. As shown in Scheme 4.38, reaction is not efficient or enantioselective to generate 
the allylboronate 4.160 (27% conv, 57:43 er). The chiral bidentate NHC-Cu complex,  
obtained from the transmetalation of sulfonate-bearing NHC-Ag complex 3 with CuCl, 
exhibits increased catalytic activ to furnishing the allyl alcohol 4.161, after oxidative 
workup, with higher enantioselectivity (84:16 er) in 76% yield (>98% SN2’ site 
selectivity). Currently, the research in our group is focused on further development of this 
protocol and on extension of the substrate scope to trisubstituted allylic boronates.  
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4.6 Mechanistic Model of the Cu-Catalyzed Enantioselective 
Hydroboration Reactions 
We propose transition state models to account for the observed enantioselectivity 
in the Cu-catalyzed hydroboration of acyclic (E)-alkenes. We assume that the steps of 
alkene-Cu complexation, followed by the insertion of alkene into copper-boron bond are 
critical in determining the enantioselectivity. As illustrated in Scheme 4.39, Cu(I) 
alkoxide 4.163, bound to a chiral bidentate NHC ligand, is monomeric and possesses 
tetrahedral geometry. This complex is generated in situ from the reaction of 
imidazolinium salt I-20 with KOt-Bu and CuCl. Subsequently, NHC-CuOt-Bu complex 
4.163 undergoes -bond metathesis with B2(pin)2 to generate a chiral borylcopper 
complex, which has two possible configurations namely 4.164 and 4.165. As a result of a 
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steric interaction between the B(pin) group and the sterically demanding 
triisopropylphenyl unit of the NHC ligand in 4.164, the geometry of 4.165 may be 
thermodynamically favorable. When (E)-β-methylstyrene coordinates to Cu complex 
4.165, the alkene should be aligned with copper-boron bond properly such that 
nucleophilic boryl group should be close to more electrophilic β-carbon of the (E)-β-
methylstyrene (see section 4.2.2 for details). Based on this alignment, there are two 
plausible approach modes of the substrate to borylcopper complex 4.165, pictured in TS-
4.3 and TS-4.4. The most accessible mode of coordination of (E)-β-methylstyrene to the 
tetrahedral Cu(I) boryl complex 4.165 is represented in TS-4.3 where the larger phenyl 
group (vs H) points away from the bulk of the chiral complex, giving rise to the observed 
enantiomer.  In contrast, the approach of substrate in TS-4.4 delivers the opposite 
enantiomer and is less favorable due to the steric interaction between the phenyl moiety 
and the NHC ligand.  
Chapter 4, Page 430 
 
 
 
4.7 Conclusions 
  We have developed efficient Cu-catalyzed hydroborations of a variety of 
disubstituted alkenes bearing an aryl substituent with commercially available and 
inexpensive B2(pin)2 and MeOH in the presence of 0.5‒5 mol % readily available NHC-
Cu catalyst. Reactions are highly site-selective to afford only β-regioisomers with up to 
>98% yield. Various functional groups including esters, ethers, and alcohols within the 
olefin substrates are tolerated under the reaction conditions, generating the desired 
boronates efficiently.  
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In addition, we have applied chiral NHC ligands, previously developed in our 
laboratories, to Cu-catalyzed enantioselective hydroboration for the synthesis of 
enantiomerically enriched secondary alkylboronates. For highly enantioselective 
reactions, we have prepared a variety of modified NHC ligands, including the chiral 
bidentate NHC-sulfonate ligand, bearing a sterically demanding triisopropylphenyl 
substitutent, which was proven to be an optimal ligand for hydroborations of acyclic (E)-
olefins, affording alkylboronates with up to 99:1 er. In contrast, a chiral monodentate 
NHC ligand is more effective for Cu-catalyzed enantioselective copper-boron additions 
to cyclic (Z)-olefins. The utility of catalytic copper-boron additions to a wide range of 
substrates including heterocyclic-substituted alkenes, trisubstituted olefins, as well as 
allylic carbonates have been described briefly. The generated alkylboronates may be used 
for stereoselective CN and CC bond formation,54 allowing access to an assortment of 
enantiomerically enriched compounds. 
 
                                                 
(54) For reviews on functionalization of CB bonds, see: (a) ref (1). For representative examples, see: (b) 
Fernandez, E.; Maeda, K.; Hooper, M. W.; Brown, J. M. Chem.Eur. J. 2000, 6, 1840–1846. (c) Moran, W. 
J.; Morken, J. P. Org. Lett. 2006, 8, 24132415. (d) Chen, A.; Ren, L.; Crudden, C. M. J. Org. Chem. 1999, 
64, 9704–9710. (e) Imao, D.; Glasspoole, B. W.;  Laberge, V. S.;  Crudden, C. M. J. Am. Chem. Soc. 2009, 
131, 50245025.  
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4.8  Experimentals  
Genenral. Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR mode) 
spectrophotometer, max in cm-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported 
as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, m 
= multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on a Varian 
Unity INOVA 400 (100 MHz) spectrometer with complete proton decoupling. Chemical 
shifts are reported in ppm from tetramethylsilane with the solvent resonance as the 
internal standard (CDCl3: 77.16 ppm). High-resolution mass spectrometry was performed 
on a Micromass LCT ESI-MS (positive mode) at the Mass Spectrometry Facility, Boston 
College. Enantiomer ratios were determined by high-performance liquid chromatography 
(HPLC) with a Shimadzu chromatograph (Chiral Technologies Chiralcel OD-R (4.6 x 
250 mm) or Chiral Technologies Chiralcel OJ-H (4.6 x 250 mm)) in comparison with 
authentic racemic materials. Optical rotations were measured on a Rudolph Research 
Analytical Autopol IV Polarimeter. 
Unless otherwise noted, all reactions were carried out with distilled and degassed 
solvents under an atmosphere of dry N2 in oven- (135 oC) or flame-dried glassware with 
standard dry box or vacuum-line techniques. Toluene (Fisher Scientific) was purified by 
being passed through two alumina columns under a positive pressure of dry argon by a 
modified Innovative Technologies purification system. Tetrahydrofuran (Aldrich 
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Chemical Co.) was purified by distillation from sodium benzophenone ketal immediately 
prior to use unless otherwise specified. Methanol (Aldrich Chemical Co.) was distilled 
over CaH2. All work-up and purification procedures were carried out with reagent grade 
solvents (purchased from Doe & Ingalls) under air.  
 
4.8.1  Reagents and Ligands 
trans-Anethole ((E)-1-methoxy-4-(prop-1-enyl)benzene): purchased from Aldrich 
Chemical Co. and purified by flash silica gel column chromatography (100% hexanes). 
1,2-Bis(diphenylphosphino)ethane: purchased from Strem Chemicals Inc. and 
recrystallized from EtOH. 
Bis(pinacolato)diboron: purchased from CombiPhos  Catalysts, Inc. and recrystallized 
from pentane. 
2H-Chromene: prepared according to a known literature procedure.55 
Cinnamyl acetate: purchased from Aldrich Chemical Co. and purified by Kugelrohr 
distillation under reduced pressure. 
Cinnamyl alcohol: purchased from Aldrich Chemical Co. and recrystallized from ethyl 
ether and pentane. 
Copper (I) chloride: purchased from Aldrich Chemical Co. and used as received.  
Cu-NHC 4.107, 4.127 and 4.128: prepared according to known literature procedures.56 
                                                 
(55) Chang, S.; Grubbs, R. H. J. Org. Chem. 1998, 63, 864‒866. 
(56) Díez-González, S.;  Kaur, H.; Zinn, F. K.; Stevens, E. D.; Nolan, S. P. J. Org. Chem. 2005, 70, 
4784‒4796. 
Chapter 4, Page 434 
 
1,2-Dihydronaphthalene: purchased from Aldrich Chemical Co. and purified by flash 
silica gel column chromatography (100% hexanes). 
Hydrogen peroxide (35 wt. % solution in water): purchased from Aldrich Chemical 
Co. and used as received. 
Imidazolinium salts I-2, I-5, I-6, and I-7: prepared by a previously reported method. 57  
Imidazolinium salts I-21, I-22, I-23, I-24, and I-25: prepared by a previously reported 
method.58,59 
Imidazolinium salts I-3, I-15, I-16, I-17, I-18, I-19, and I-20: prepared by previously 
reported methods.60  
Indene: purchased from Aldrich Chemical Co. and purified by flash silica gel column 
chromatography (100% hexanes). 
trans--Methylstyrene: purchased from Aldrich Chemical Co. and purified by 
distillation over powdered NaOH under reduced pressure and passed through activated 
neutral alumina prior to use. 
cis--Methylstyrene: purchased from TCI America and purified by distillation over 
powdered NaOH under under reduced pressure and passed through activated neutral 
alumina prior to use. 
                                                 
(57) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877‒6882. 
(58) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462. 
(59) (a) Chaulagain, M. R.; Sormunen, G. J.; Montgomery, J. J. Am. Chem. Soc. 2007, 129, 9568‒9569. (b) 
Lillo, V.; Prieto, A.; Bonet, A.; Díaz-Requejo, M. M.; Ramírez, J.; Pérez, P. J.; Fernández, E. 
Organometallics, 2009, 28, 659‒662. 
(60) (a) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097–
1100. (b) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 735–7362. (c) Lee, 
Y.; Akiyama, K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H.  J. Am. Chem. Soc. 2008, 130, 446–
447. 
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Potassium tert-butoxide: purchased from Strem Chemicals Inc. and used as received. 
Sodium tert-butoxide (98%): purchased from Strem Chemicals Inc. and used as 
received. 
Substituted aryl alkenes: prepared according to known literature procedures.61 
Tricyclohexylphosphine: purchased from Strem Chemicals Inc. and used as received. 
Triphenylphosphine: purchased from Aldrich Chemical Co. and recrystallized from 
hexanes. 
 
Imidazolinium salt I-15. IR (neat): 3053 (br), 2975 (br), 1616 (m), 1584 (m), 1457 (w), 
1264 (m), 1226 (s), 1201 (s),1021 (m), 730 (s), 698 (s), 611 (s) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 8.69 (1H, s), 8.21 (1H, d, J = 7.6 Hz), 7.61(2H, dd, J = 7.2, 1.6 Hz), 7.48-7.45 
(2H, m), 7.41-7.39 (3H, m), 7.34-7.27 (5H, m), 7.18 (1H, d, J = 7.6 Hz), 7.08 (1H, dt, J = 
7.6, 1.2 Hz), 7.00 (1H, d, J = 8.0 Hz), 6.73 (1H, d, J = 8.0 Hz), 6.59 (1H, d, J = 11.6 Hz), 
5.48 (1H, d, J = 11.6 Hz), 2.93 (2H, m), 2.73 (1H, dt, J = 22.8, 7.2 Hz), 2.21 (1H, dt, J = 
22.8, 7.2 Hz), 1.47 (3H, t, J = 7.6 Hz), 0.76 (3H, t, J = 7.6 Hz); 13C NMR (100 MHz, 
CDCl3): δ 158.8, 144.7, 144.1, 140.6, 135.0, 131.2, 130.8, 130.8, 130.6, 130.4, 130.2, 
130.1, 130.0, 129.9, 129.3, 129.1, 127.6, 127.6, 126.8, 77.3, 74.4, 24.6, 23.6, 15.7, 14.7; 
HRMS (ESI+): Calcd for C31H31N2O3S1 [M+H]: 511.20554, Found: 511.20682; Optical 
Rotation: []D20 ‒12.2 (c 0.83, CHCl3). 
Imidazolinium salt I-20. IR (neat): 2962 (w), 2928 (w), 1614 (s), 1586 (m), 1573 (m), 
1497 (m), 1198 (s), 1141 (s), 1089 (m), 1021 (m), 880 (w), 758 (m), 732 (s), 715 (s), 698 
                                                 
(61) (a) Schlosser, M.; Schaub, B. J. Am. Chem. Soc. 1982, 104, 5821‒5823. (b) Jang, Y.-J.; Yan, M.-C.; 
Lin, Y.-F.; Yao, C.-F. J. Org. Chem. 2004, 69, 3961‒3963. 
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(s) cm–1; 1H NMR (400 MHz, CDCl3): δ 8.71 (1H, s), 8.25 (1H, dd, J = 7.6, 1.6 Hz), 
7.64-7.62 (2H, m), 7.46-7.39 (5H, m), 7.39-7.31 (4H, m), 7.10 (1H, dt, J = 7.6, 1.6 Hz), 
7.04 (1H, d, J = 2.0 Hz), 6.85 (1H, d, J = 2.0 Hz), 6.71 (1H, dt, J = 8.0, 1.2 Hz), 6.51 (1H, 
d, J = 11.6 Hz), 5.32 (1H, d, J = 12.0 Hz), 3.20 (2H, m), 2.83 (1H, m), 1.50 (3H, d, J = 
7.2 Hz), 1.40 (3H, d, J = 6.8 Hz), 1.19 (3H, d, J = 6.8 Hz), 1.18 (3H, d, J = 6.8 Hz), 1.11 
(3H, d, J = 6.8 Hz), 0.25 (3H, d, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3): δ 159.2, 
152.0, 149.2, 145.5, 144.0, 135.1, 131.5, 130.9, 130.7, 130.6, 130.4, 130.1, 129.9, 129.8, 
129.5, 129.0, 127.3, 126.2, 123.6, 122.5, 78.6, 74.8, 34.3, 29.4, 28.7, 26.5, 25.4, 25.0, 
23.9, 22.9; HRMS (ESI+): Calcd for C36H41N2O3S1 [M+H]: 581.28379, Found: 
581.28176. Optical Rotation: []D20 +34.7 (c 1.00, CHCl3). 
 
4.8.2  Experimental Procedure and Characterization Data for Cu-Catalyzed 
Hydroboration Reactions 
 Representative experimental procedure for Cu-catalyzed hydroboration of (E)--
methylstyrene (4.104) with bis(pinacolato)diboron: In an N2-filled glovebox, an oven-
dried vial (8 mL, 17 x 60 mm) with magnetic stir bar was charged with NHC-CuCl 
complex 4.107 (2.00 mg, 5.00 x 10-3 mmol, 0.5 mol %), NaOtBu (0.480 mg, 5.00 x 10-3 
mmol, 0.5 mol %), and toluene (0.5 mL). The mixture was sealed with a septum and 
allowed to stir for 5 min. Bis(pinacolato)diboron (279 mg, 1.10 mmol, 1.10 equiv) and 
toluene (1 mL) were added to the mixture. The vial was sealed with a septum and 
wrapped with parafilm before removal from the glove box. The solution turned dark 
brown immediately. After 10 min, to the reaction mixture under an N2 atmosphere were 
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added (E)--methylstyrene (4.105) (127 L, 1.00 mmol, 1.00 equiv) and MeOH (81.0 L, 
2.00 mmol, 2.00 equiv) by syringes. The resulting solution was allowed to stir at 22 °C 
for 10 min (Caution: reaction is exothermic). At this time, the solution was passed 
through a short plug of celite and silica gel and washed with Et2O (3 x 2 mL). The filtrate 
was concentrated in vacuo to provide dark brown oil, which was purified by silica gel 
column chromatography (hexanes:Et2O=10:1) to afford the desired product 4.106 as 
colorless oil (239 mg, 0.973 mmol, 97.3% yield). 
4,4,5,5-Tetramethyl-2-(1-phenylpropan-2-yl)-1,3,2-dioxaborolane (4.106; This 
compound has been previously reported and spectra data match those described).62 1H 
NMR (400 MHz, CDCl3):  7.26-7.12 (5H, m, ArH), 2.81 (1H, dd, J = 13.6, 7.6 Hz, 
PhCH2), 2.54 (1H, dd, J = 13.6, 8.0 Hz, PhCH2), 1.37 (1H, m, CHBpin), 1.19 (6H, s, 
Bpin), 1.18 (6H, s, Bpin), 0.96 (3H, d, J = 7.6 Hz, CHCH3); 13C NMR (100 MHz, 
CDCl3):  142.5, 129.1, 128.2, 125.7, 83.2, 39.1, 24.9, 15.4. 
4,4,5,5-Tetramethyl-2-(1-phenylpropan-2-yl)-1,3,2-dioxaborolane (4.106-d1 from 
(E)--methyl styrene). IR (neat): 2977 (w), 2929 (w), 1458 (w), 1379 (m), 1361 (m), 
1316 (s), 1212 (m), 1142 (s), 967 (w), 855 (m), 698 (s) cm–1; 1H NMR (400 MHz, 
CDCl3):  7.28-7.14 (5H, m, ArH), 2.55 (1H, d, J = 8.4 Hz, PhCHD), 1.39 (1H, m, 
CHBpin), 1.21 (6H, s, Bpin), 1.20 (6H, s, Bpin), 0.99 (3H, d, J = 7.2 Hz, CHCH3); 13C 
NMR (100 MHz, CDCl3):  142.4, 129.0, 128.1, 125.7, 83.1, 38.8 (t, J = 19.3 Hz, 
PhCHD), 24.8, 15.3; HRMS (ESI+): Calcd forC15H23D1B1O2 [M+H]: 248.19321, Found: 
248.19411. 
                                                 
(62) Moran, W. J.; Morken, J. P. Org. Lett. 2006, 8, 2413‒2415. 
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Proof of Stereochemistry of 4.106-d1: To obtain an authentic sample of the 
diastereomer obtained from reaction of (E)--methylstyrene, the Cu-catalyzed process 
was carried out with the (Z)--methylstyrene under identical conditions and quenched 
with MeOD in the same manner.  The stereochemical identity of the deuterated product 
(4.106-d1) is established by analysis and comparison of the 1H NMR and 13C NMR 
spectra of the derived diastereomeric alcohols (obtained through oxidation with H2O2) 
with those previously reported for (1S, 2R)-1-phenyl(1-D)propan-2-ol 63  (see the 
underlined spectral values for specific points of comparison). 
(1S, 2R)-1-Phenyl(1-D)propan-2-ol.63 1H NMR (300 MHz, CDCl3):  7.34-19 (5H, m, 
ArH), 4.01(1H, dq, J = 8.0, 6.0 Hz, CHOH), 2.67 (1H, dt, 2J(D,H) = 
2.0 Hz, 3J(H,H) = 8.0 Hz, PhCHD), 1.59 (1H, br s, OH), 1.24 (3H, d, J 
= 6.2 Hz, CH3); 13C NMR (75.5 MHz, CDCl3):  138.5, 129.2, 128.3, 126.2, 68.6, 45.2 
(dt, 1J(C,D) = 19.4 Hz), 22.5. 
1-Phenyl(1-D)propan-2-ol (Oxidation of 4.106-d1 from (E)--methyl styrene). 1H 
NMR (400 MHz, CDCl3):  7.33-7.28 (2H, m, ArH), 7.24-7.18 (3H, m, ArH), 4.00 (1H, 
m, CHOH), 2.76-2.74 (1H, m, ArCHD), 1.60 (1H, br s, OH), 1.21 (2H, d, J = 6.0 Hz, 
CHCH3); 13C NMR (100 MHz, CDCl3):  138.6, 129.5, 128.6, 126.6, 68.9, 45.5 (t, J = 
19.4 Hz, PhCHD), 22.8. 
4,4,5,5-Tetramethyl-2-(1-phenylpropan-2-yl)-1,3,2-dioxaborolane (4.106-d1 from 
(Z)--methyl styrene). 1H NMR (400 MHz, CDCl3):  7.25-7.12 (5H, m, ArH), 2.78 (1H, 
d, J = 7.6 Hz, PhCHD), 1.35 (1H, m, CHBpin), 1.18 (6H, s, Bpin), 1.17 (6H, s, Bpin), 
                                                 
(63) Moufid, N.; Renaud, P.; Hassler, C.; Giese, B. Helv. Chim. Acta, 1995, 78, 1006‒1012. 
Me
OH
D
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0.95 (3H, d, J = 7.2 Hz, CHCH3); 13C NMR (100 MHz, CDCl3):  142.5, 129.1, 128.2, 
125.7, 83.2, 38.8 (t, J = 19.3 Hz, PhCHD), 24.9, 15.3. 
1-Phenyl(1-D)propan-2-ol (Oxidation of 4.106-d1 from (Z)--methyl styrene, Spectra 
data of this diastereomer match those described).1H NMR (400 MHz, CDCl3):  7.32-
7.28 (2H, m, ArH),  7.24-7.19 (3H, m, ArH), 4.04-3.97 (1H, m, CHOH), 2.66 (1H, d, J = 
8.0 Hz, ArCHD), 1.50 (1H, d, J = 3.2 Hz, OH), 1.23 (3H, d, J = 6.4 Hz, CHCH3); 13C 
NMR (100 MHz, CDCl3):  138.6, 129.5, 128.7, 126.6, 68.9, 45.5(t, J = 19.4 Hz, 
PhCHD), 22.9. 
2-(1-(4-Methoxyphenyl)propan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.132). 
IR (neat): 2976 (w), 2952 (w), 1611 (w), 1510 (s), 1460 (m), 1379 (s), 1369 (s), 1315 (s), 
1244 (s), 1166 (m), 1141 (s), 1110 (m), 1037 (m), 967 (m), 856 (m), 834 (m), 804 (m) 
cm–1; 1H NMR (400 MHz, CDCl3): δ 7.12-7.10 (2H, m, ArH), 6.80-6.78 (2H, m, ArH), 
3.77 (3H, s, ArOCH3), 2.74 (1H, dd, J = 13.6, 7.6 Hz, ArCH2CH), 2.48 (1H, dd, J = 13.6, 
8.4 Hz, ArCH2CH), 1.32 (1H, m, CHBpin), 1.19 (6H, s, Bpin), 1.18 (6H, s, Bpin), 0.95 
(3H, d, J = 7.6 Hz, CHBpinCH3); 13C NMR (100 MHz, CDCl3): δ 157.8, 134.6, 129.9, 
113.6, 83.1, 55.4, 38.2, 24.9, 24.9, 15.3; HRMS (ESI+): Calcd for C16H26B1O3 [M+H]: 
277.19750, Found: 277.19846.  
4,4,5,5-Tetramethyl-2-(1-(4-(trifluoromethyl)phenyl)propan-2-yl)-1,3,2-dioxaboro-
lane (4.133). IR (neat): 2979 (w), 1617 (w), 1381 (m), 1370 (m), 1320 (s), 1215 (m), 
1161 (s), 1142 (s), 1113 (w), 1087 (s), 848 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.49 
(2H, d, J = 8.4 Hz, ArH), 7.30 (2H, d, J = 8.0 Hz, ArH), 2.85 (1H, dd, J = 13.6, 7.6 Hz, 
ArCH2CH), 2.59 (1H, d, J = 13.6, 8.0 Hz, ArCH2CH), 1.36 (1H, m, CHBpin), 1.18 (6H, 
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s, Bpin), 1.17 (6H, s, Bpin), 0.97 (3H, d, J = 7.6 Hz, CHBpinCH3); 13C NMR (100 MHz, 
CDCl3): δ 146.8, 129.3, 128.1 (q, J  = 31.9 Hz), 125.1, 125.1, 124.7 (q, J = 270.2 Hz), 
83.3, 39.0, 24.9, 24.8, 15.3; HRMS (ESI+): Calcd for C16H23B1F3O2 [M+H]: 315.17432, 
Found: 315.17504. 
4,4,5,5-Tetramethyl-2-(1-o-tolylpropan-2-yl)-1,3,2-dioxaborolane (4.134). IR (neat): 
2976 (w), 2954 (w), 2929 (w), 1459 (m), 1378 (s), 1369 (s), 1315 (s), 1269 (w), 1232 (w), 
1214 (w), 1142 (s), 966 (w), 857 (m), 833 (w), 739 (s) cm–1; 1H NMR (400 MHz, CDCl3): 
δ 7.18-7.05 (4H, m, ArH), 2.81 (1H, dd, J = 14.0, 8.0 Hz, ArCH2CH),  2.52 (1H, dd, J = 
14.0, 8.0 Hz, ArCH2CH), 2.32 (3H, s, ArCH3), 1.38 (1H, m, CHBpin), 1.02 (6H, s, Bpin), 
1.00 (6H, s, Bpin), 1.01 (3H, d, J = 7.6 Hz, CHBPinCH3); 13C NMR (100 MHz, CDCl3): 
δ 140.7, 136.4, 130.2, 129.5, 125.8, 125.6, 83.1, 36.2, 24.9, 24.9, 19.7, 15.7; HRMS 
(ESI+): Calcd for C16H26B1O2 [M+H]: 261.20258, Found: 261.20339.  
4,4,5,5-Tetramethyl-2-(3-methyl-1-phenylbutan-2-yl)-1,3,2-dioxaborolane (4.135). IR 
(neat): 3027 (w), 2976 (m), 2955 (w), 2869 (w), 1494 (w), 1454 (w), 1409 (s), 1378 (s), 
1317 (s), 1258 (m), 1214 (m), 1141 (s), 975 (m), 865 (m), 852 (m), 743 (m), 696 (s) cm–1; 
1H NMR (400 MHz, CDCl3): δ 7.24-7.10 (5H, m, ArH), 2.75 (1H, dd, J = 13.2, 6.4 Hz, 
PhCH2), 2.65 (1H, dd, J = 13.2, 10.4 Hz, PhCH2), 1.74 (1H, m, CH(CH3)2), 1.28 (1H, 
pseudo-dt, J = 10.4, 6.4 Hz, CHBpin), 1.11 (6H, s, Bpin), 1.06 (6H, s, Bpin), 0.99 (3H, d, 
J = 6.4 Hz, CH(CH3)2), 0.97 (3H, d, J = 6.8 Hz, CH(CH3)2); 13C NMR (100 MHz, 
CDCl3): δ 142.8, 129.1, 128.2, 125.7, 83.0, 35.6, 30.0, 25.07, 24.9, 22.8, 21.6; HRMS 
(ESI+): Calcd for C17H28B1O2 [M+H]: 275.21823, Found: 275.21700.  
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2-(2,3-Dihydro-1H-inden-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.136). IR 
(neat): 2976 (w), 2932 (w), 2845 (w), 1414 (w), 1371 (s), 1314 (s), 1261 (m), 1226 (m), 
1140 (s), 1108 (w), 970 (m), 856 (s), 740 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.25-
7.21 (2H, m, ArH), 7.15-7.11 (2H, m, ArH), 3.08 (2H, dd, J = 15.2, 9.2 Hz, 
CH2CHBpin), 3.01 (2H, dd, J = 15.2, 10.4 Hz, CH2CHBpin), 1.90 (1H, pseudo-tt, J = 
10.4, 9.6 Hz, CHBpin), 1.28 (12H, s, Bpin); 13C NMR (100 MHz, CDCl3): δ 144.6, 
126.1, 124.4, 83.4, 35.3, 24.9; HRMS (ESI+): Calcd for C15H22B1O2 [M+H]: 245.17128, 
Found: 245.17257.  
4,4,5,5-Tetramethyl-2-(1,2,3,4-tetrahydronaphthalen-2-yl)-1,3,2-dioxaborolane  
(4.137). IR (neat): 2976 (w), 2919 (w), 1412 (w), 1381(s), 1314 (s), 1224 (m), 1141 (s), 
1004 (m), 886 (m), 739 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.08-7.03 (4H, m, ArH), 
2.88-2.72 (4H, m, Ar(CH2)2), 2.05-1.98 (1H, m, CH2CHBpin), 1.70-1.59 (1H, m, 
CH2CHBpin), 1.37-1.30 (1H, m, CHBpin), 1.25 (6H, s, Bpin), 1.25 (6H, s, Bpin); 13C 
NMR (100 MHz, CDCl3): δ 137.4, 136.9, 129.1, 129.0, 125.3, 83.1, 30.7, 29.7, 24.8, 24.8, 
24.7; HRMS (ESI+): Calcd for C16H24B1O2 [M+H]: 259.18693, Found: 259.18675.  
Methyl 3-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl carbonate 
(4.139). IR (neat): 2978 (w), 1746 (s), 1495 (m), 1441 (m), 1370 (m), 1326 (m), 1258 (s), 
1214 (m), 1140 (s), 945 (m), 856 (m), 792 (m), 746 (m), 699 (m) cm–1; 1H NMR (400 
MHz, CDCl3): δ 7.26-7.13 (5H, m, ArH), 4.20 (2H, d, J = 6.8 Hz, CH2OCO2CH3), 3.76 
(3H, s, CH2OCO2CH3), 2.80 (2H, d, J = 7.6 Hz, PhCH2), 1.79 (1H, pseudo-tt, J = 7.2, 7.2 
Hz, CHBpin), 1.16 (6H, s, Bpin), 1.16 (6H, s, Bpin); 13C NMR (100 MHz, CDCl3): δ 
Chapter 4, Page 442 
 
155.7, 140.6, 128.8, 128.1, 125.8, 83.4, 68.7, 54.5, 33.1, 24.6, 24.6; HRMS (ESI+): Calcd 
for C17H26B1O5 [M+H]: 321.18733, Found: 321.18769.  
3-Phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl acetate (4.141). IR 
(neat): 3027 (w), 2977 (w), 1736 (s), 1454 (w), 1370 (s),1324 (s), 1233 (s), 1140 (s), 
1026 (m), 966 (m), 856 (m), 745 (m), 698 (m) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.26-
7.13 (5H, m, ArH), 4.15 (1H, dd, J = 10.8, 7.2 Hz, CH2OAc), 4.11 (1H, dd, J = 10.8, 6.8 
Hz, CH2OAc), 2.80 (1H, dd, J = 14.0, 8.0 Hz, PhCH2CH), 2.75 (1H, dd, J = 14.0, 7.6 Hz, 
PhCH2CH), 2.01 (3H, s, OCOCH3),  1.75 (1H, pseudo-tt, J = 7.2, 7.2 Hz, CHBpin), 1.17 
(6H, s, Bpin), 1.16 (6H, s, Bpin); 13C NMR (100 MHz, CDCl3): δ171.2, 141.2, 129.1, 
128.4, 126.1, 83.6, 65.6, 33.7, 24.9, 24.9, 21.1; HRMS (ESI+): Calcd for C17H26B1O4 
[M+H]: 305.19241, Found: 305.19315.  
2-(1-Methoxy-3-phenylpropan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.142). 
IR (neat): 2977 (w), 2926 (w), 2870 (w), 1495 (w), 1387 (m), 1369 (s), 1318 (s), 1247 
(w), 1142 (s), 1109 (s), 1086 (m), 965 (m), 859 (m), 745 (m), 698 (s) cm–1; 1H NMR (400 
MHz, CDCl3): δ 7.26-7.20 (4H, m, ArH), 7.16-7.13 (1H, m, ArH), 3.42 (2H, d, J = 7.2 
Hz, CH2OCH3), 3.31 (3H, s, CH2OCH3), 2.79 (1H, dd, J = 13.6, 7.6 Hz, PhCH2), 2.75 
(1H, dd, J = 13.6, 8.0 Hz, PhCH2), 1.70 (1H, pseudo-tt, J = 7.2, 7.2 Hz, CHBpin), 1.17 
(6H, s, Bpin), 1.16 (6H, s, Bpin); 13C NMR (100 MHz, CDCl3): δ 141.9, 129.2, 128.2, 
125.8, 83.4, 73.6, 58.7, 33.7, 24.9, 24.8; HRMS (ESI+): Calcd for C16H26B1O3 [M+H]: 
277.19750, Found: 277.19794.  
2-(1-Methoxy-3-o-tolylpropan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.143). 
IR (neat): 2978 (w), 1746 (s), 1495 (m), 1441 (m), 1370 (m), 1326 (m), 1258 (s), 1214 
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(m), 1140 (s), 945 (m), 856 (m), 792 (m), 746 (m), 699 (m) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 7.20-7.04 (4H, m, ArH), 3.48 (1H, dd, J = 8.8, 6.8 Hz, CH2OCH3), 3.43 (1H, 
dd, J = 8.8, 6.4 Hz, CH2OCH3), 3.32 (3H, s, CH2OCH3), 2.78 (1H, dd, J = 14.0, 7.6 Hz, 
ArCH2CH), 2.74 (1H, dd, J = 14.0, 8.4 Hz, ArCH2CH), 2.32 (3H, s, ArCH3), 1.69 (1H, 
pseudo-tt, J = 7.6, 6.8 Hz, CHBpin), 1.20 (6H, s, Bpin), 1.17 (6H, s, Bpin); 13C NMR 
(100 MHz, CDCl3): δ 140.2, 136.4, 130.2, 129.5, 125.9, 125.7, 83.4, 74.2, 58.7, 30.9, 
24.8, 24.8, 19.6; HRMS (ESI+): Calcd for C17H28B1O3 [M+H]: 291.21315, Found: 
291.21354.  
2-(Chroman-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.144). IR (neat): 2977 
(w), 2930 (w), 1582 (w), 1489 (m), 1411 (m), 1361 (s), 1323 (s), 1310 (s), 1227 (s), 1140 
(s), 1114 (m), 1005 (m), 968 (m), 853 (m), 750 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 
7.08-7.01 (2H, m, ArH), 6.83-6.77 (2H, m, ArH), 4.41 (1H, m, OCH2), 4.02 (1H, dd, J = 
11.2, 10.8 Hz, OCH2), 2.81 (2H, d, J = 8.4 Hz, ArCH2), 1.75-1.67 (1H, m, CHBpin), 
1.25 (6H, s, Bpin), 1.25 (6H, s, Bpin); 13C NMR (100 MHz, CDCl3): δ 155.0, 129.7, 
127.2, 122.8, 120.0, 116.8, 83.7, 67.8, 26.7, 24.9, 24.9; HRMS (ESI+): Calcd for 
C15H22B1O3 [M+H]: 261.16620, Found: 261.16594.  
3-Phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-1-ol (4.146). IR 
(neat): 3443 (br), 3026 (w), 2978 (w), 2928 (w), 2976 (w), 1453 (w), 1372 (s), 1317 (s), 
1140 (s), 966 (m), 855 (m), 731 (s), 698 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 7.27- 
7.13 (5H, m, ArH), 3.68 (1H, dd, J = 10.4, 5.6 Hz, CH2OH), 3.61 (1H, dd, J = 10.4, 6.4 
Hz, CH2OH),  2.83 (1H, dd, J = 13.6, 7.2 Hz, PhCH2), 2.73 (1H, dd, J = 13.6, 8.4 Hz, 
PhCH2), 2.05 (1H, s, CH2OH), 1.60 (1H, pseudo-tt, J = 6.8, 6.8 Hz, CHBpin), 1.21 (6H, 
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s, Bpin), 1.19 (6H, s, Bpin); 13C NMR (100 MHz, CDCl3): δ 141.7, 129.0, 128.3, 125.9, 
83.6, 63.4, 33.4, 25.0, 24.9, 24.9; HRMS (ESI+): Calcd for C15H24B1O3 [M+H]: 
263.18185, Found: 263.18207.  
 Representative experimental procedure for enantioselective Cu-catalyzed 
hydroboration of (E)-(3-methoxyprop-1-enyl)benzene (4.148) with bis(pinacolato)-
diboron: 
In an N2-filled glovebox, an oven-dried vial (4 mL, 17 x 38 mm) with magnetic stir bar 
was charged with imidazolinium salt I-20 (8.70 mg, 0.0150 mmol, 7.5 mol %), CuCl 
(1.50 mg, 0.0150 mmol, 7.5 mol %), KOtBu (6.70 mg, 0.0600 mmol, 30 mol %) and 
THF (0.4 mL). The mixture was sealed with cap (phenolic open topcap) and allowed to 
stir for 20 min. Bis(pinacolato)diboron (55.8 mg, 0.220 mmol, 1.10 equiv) was added to 
the solution. The vial was sealed with cap and removed from glovebox. After stirring for 
30 min, the solution turned dark brown. The reaction mixture was allowed to cool to 
‒78 °C (dry ice/acetone bath). A solution of (E)-(3-methoxyprop-1-enyl)benzene (4.148) 
(29.6 mg, 0.200 mmol, 1.00 equiv) in THF (0.2 mL) and MeOH (16.0 L, 0.400 mmol, 
2.00 equiv) were added by syringes. The resulting brown solution transferred to a -15 °C 
cryocool. After 48 h, the solution was allowed to cool to ‒78 °C and passed through a 
short plug of celite and silica gel and washed with Et2O (3 x 2 mL). The filtrate was 
concentrated in vacuo to provide dark brown oil, which was oxidized without further 
purification. To a solution of unpurified dark brown oil in THF (1 mL) at 0 °C (ice bath) 
were added H2O2 (97.0 L, 1.00 mmol, 5.00 equiv) and 2 N NaOH (500 L, 1.00 mmol, 
5.00 equiv). The resulting solution was allowed to stir for 20 min. After this time, the 
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mixture was diluted with water (2 mL), washed with Et2O (3 x 1 mL), and filtered 
through a plug of MgSO4. The filtrate was concentrated in vacuo to provide colorless oil, 
which was purified by silica gel column chromatography (hexanes:Et2O=3:1) to afford 
the desired product 4.142 as colorless oil (24.9 mg, 0.149 mmol, 75% yield). 
(S)-1-Phenylpropan-2-ol (Oxidation of 4.106; This compound has been previously 
reported and spectra data match those described).64 1H NMR (400 MHz, CDCl3): δ 7.34-
7.30 (2H, m, ArH), 7.25-7.20 (3H, m, ArH), 4.01 (1H, m, CHOH), 2.78 (1H, dd, J = 13.6, 
4.8 Hz, PhCH2), 2.70 (1H, dd, J = 13.6, 7.6 Hz, PhCH2), 1.76 (1H, s, CHOH), 1.24 (3H, 
d, J = 6.4 Hz, CHOHCH3); 13C NMR (100 MHz, CDCl3): δ 138.7, 129.5, 128.7, 126.6, 
69.0, 45.9, 22.9. Optical Rotation: []D20 +48.2 (c 1.00, CHCl3) for an enantiomerically 
enriched sample of 99:1 er.  
Proof of Stereochemistry: literature value ([]D25 +42.2 (c 1.0, CHCl3), >99:<1 er) is 
assigned to the (S) enantiomer.64b 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (99:1 er shown; Chiralcel OJ-H column, 99/1 hexanes/i-PrOH, 0.5 
mL/min, 220 nm). 
                                                 
(64) (a) Musa, M. M.; Ziegelmann-Fjeld, K. I.; Vieille, C.; Zeikus, J. G.; Phillips, R. S. J. Org. Chem. 2007, 
72, 30‒34. (b) Erdélyi, B.; Szabó, A.; Seres, G.; Birincsik, L.; Ivanics, J.; Szatzker, G.; Poppe, L. 
Tetrahedron: Asymmetry 2006, 17, 268‒274. 
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(R)-1-Methoxy-3-phenylpropan-2-ol (4.149; This compound has been previously 
reported and spectra data match those described).65 1H NMR (400 MHz, CDCl3): δ 7.31-
7.20 (5H, m, ArH), 4.00 (1H, m, CHOH), 3.39 (1H, dd, J = 9.6, 3.6 Hz, CH2OCH3), 3.36 
(3H, s, CH2OCH3), 3.28 (1H, dd, J = 9.6, 6.8 Hz, CH2OCH3), 2.80 (1H, dd, J = 13.6, 6.8 
Hz, PhCH2),  2.76 (1H, dd, J = 13.6, 6.4 Hz, PhCH2), 2.29 (1H, d, J = 3.6 Hz, CHOH); 
13C NMR (100 MHz, CDCl3): δ 138.1, 129.5, 128.7, 126.7, 76.1, 71.4, 59.2, 40.1.  
Optical Rotation: []D20 ‒2.71 (c 1.00, CHCl3) for an enantiomerically enriched sample 
of 98:2 er.  
Proof of Stereochemistry: literature value ([]D22 ‒0.7 (c 1.21, CHCl3), 95:5 er) is 
assigned to the (R) enantiomer.65 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (98:2 er shown; Chiralcel OJ-H column, 98/2 hexanes/i-PrOH, 0.5 
mL/min, 220 nm). 
                                                 
(65) Jungen, M.; Gais, H-J. Tetrahedron: Asymmetry 1999, 10, 3747‒3758. 
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(R)-1-Methoxy-3-o-tolylpropan-2-ol (4.150). IR (neat): 3428 (br), 2924 (w), 2889 (w), 
1493 (w), 1455 (w), 1124 (s), 1111 (s), 1082 (s), 961 (m), 761 (m), 741 (s), 720 (w) cm–1; 
1H NMR (400 MHz, CDCl3): δ 7.24-7.11 (4H, m, ArH), 4.00 (1H, m, CHOH), 3.41 (1H, 
dd, J = 9.6, 3.6 Hz, CH2OCH3), 3.38 (3H, s, CH2OCH3), 3.32 (1H, dd, J = 7.2, 3.6 Hz, 
CH2OCH3), 2.82 (1H, dd, J = 13.6, 7.2 Hz, ArCH2), 2.70 (1H, dd, J = 13.6, 6.4 Hz, 
ArCH2), 2.32 (3H, s, ArCH3); 13C NMR (100 MHz, CDCl3): δ 136.8, 136.4, 130.6, 130.2, 
126.8, 126.2, 76.2, 70.6, 59.2, 37.2, 19.7; HRMS (ESI+): Calcd for C11H20N1O2 
[M+NH4]: 198.14940, Found: 198.15009. Optical Rotation: []D20 ‒1.76 (c 1.00, CHCl3) 
for an enantiomerically enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (94.5:5.5 er shown; Chiralcel OJ-H column, 99/1 hexanes/i-PrOH, 0.5 
mL/min, 220 nm). 
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(R)-3-Phenylpropane-1,2-diol (4.151; This compound has been previously reported and 
spectra data match those described).66 1H NMR (400 MHz, CDCl3): δ 7.31-7.19 (5H, m, 
ArH), 3.91 (1H, m, CHOHCH2OH), 3.65 (1H, d, J = 10.8 Hz, CH2OH), 3.48 (1H, dd, J = 
10.8, 7.2 Hz, CH2OH), 2.76 (1H, dd, J = 13.6, 5.6 Hz, PhCH2), 2.71 (1H, dd, J = 13.6, 
7.6 Hz, PhCH2), 2.39 (1H, s, CH2OH), 2.35 (1H, s, CH2OH); 13C NMR (100 MHz, 
CDCl3): δ 137.9, 129.5, 128.8, 126.8, 73.2, 66.2, 40.0. Optical Rotation: []D20 +25.6 (c 
1.00, EtOH) for an enantiomerically enriched sample of 98:2 er.  
Proof of Stereochemistry: literature value ([]D22 +33.2 (c 1.00, EtOH), 97.5:2.5 er) is 
assigned to the (R) enantiomer.66 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (98:2 er shown; Chiralcel OD-R column, 98:2 hexanes/i-PrOH, 1.0 
mL/min, 220 nm). 
                                                 
(66) Cardillo, G.; Orena, M.; Romero, M. Tetrahedron 1989, 45, 1501‒1508. 
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 Representative experimental procedure for enantioselective Cu-catalyzed 
hydroboration of cyclic olefins with bis(pinacolato)diboron: In an N2-filled glovebox, 
an oven-dried vial (4 mL, 17 x 38 mm) with magnetic stir bar was charged with 
imidazolinium salt I-24 (9.20 mg, 0.0150 mmol, 7.5 mol %), CuCl (1.50 mg, 0.0150 
mmol, 7.5 mol %), NaOt-Bu (5.80 mg, 0.0600 mmol, 30 mol %) and THF (0.4 mL). The 
mixture was sealed with cap (phenolic open topcap) and allowed to stir for 20 min. 
Bis(pinacolato)diboron (55.8 mg, 0.220 mmol, 1.10 equiv) was added to the solution. The 
vial was sealed with cap and removed from glovebox. After stirring for 30 min, the 
solution turned dark brown. The reaction mixture was allowed to cool to ‒78 °C (dry 
ice/acetone bath). A solution of 2H-chromene (4.154) (26.4 mg, 0.200 mmol, 1.00 equiv) 
in THF (0.2 mL) and MeOH (16.0 L, 0.400 mmol, 2.00 equiv) were added by syringes. 
The resulting brown solution transferred to a ‒50 °C cryocool. After 48 h, the solution 
was allowed to cool to ‒78 °C and passed through a short plug of celite and silica gel and 
washed with Et2O (3 x 2 mL). The filtrate was concentrated in vacuo to provide dark 
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brown oil, which was purified by silica gel column chromatography (hexanes:Et2O=10:1) 
to afford the desired product 4.144 as colorless oil (51.0 mg, 0.196 mmol, 98% yield). 
(R)-1,2,3,4-Tetrahydronaphthalen-2-ol (Oxidation of 4.137; This compound has been 
previously reported and spectra data match those described). 67  1H 
NMR (400 MHz, CDCl3): δ 7.14-7.06 (4H, m, ArH), 4.16 (1H, m, 
CHOHCH2), 3.04 (1H, dd, J = 15.6, 4.4 Hz, ArCH2CHOH), 2.96 (1H, dt, J = 16.8, 5.6 
Hz, ArCH2), 2.88-2.74 (2H, m, ArCH2), 2.10-2.03 (1H, m, CH2CHOH), 1.87-1.78 (1H, 
m, CH2CHOH), 1.70 (1H, br s, CHOH); 13C NMR (100 MHz, CDCl3): δ 135.8, 134.4, 
129.7, 128.8, 126.2, 126.1, 67.4, 38.6, 31.7, 27.2. Optical Rotation: []D20 +54.1 (c 1.00, 
EtOH) for an enantiomerically enriched sample of 86:14 er.  
Proof of Stereochemistry: literature value ([]D19 +68.0 (c 1.61, EtOH), 96.5:3.5 er) is 
assigned to the (R) enantiomer.68 
 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (86:14 er shown; Chiralcel OJ-H column, 99.5:0.5 hexanes/i-PrOH, 0.5 
mL/min, 220 nm). 
 
                                                 
(67) Elings, J. A.; Downing, R. S.; Sheldon, R. A. Eur. J. Org. Chem. 1999, 837‒846.   
(68) (a) Arakawa, H.; Torimoto, N.; Nasui, Y. Tetrahedron Lett. 1968, 9, 4115‒4117. (b) Kawasaki, M.; 
Suzuki, Y.; Terashima, S. Chem. Lett. 1984, 239‒242. 
OH
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4190287
Area %
86.015
13.985  
(S)-Chroman-3-ol (Oxidation of 4.144; This compound has been previously reported 
and spectra data match those described).69 1H NMR (400 MHz, CDCl3): 
δ 7.12 (1H, t, J = 8.0 Hz, ArH), 7.05 (1H, d, J = 7.6 Hz, ArH), 7.04-
6.83 (2H, m, ArH), 4.25-4.20 (1H, m, CHOH), 4.12-4.03 (2H, m, CHCH2O), 3.08 (1H, 
dd, J = 16.4, 4.8 Hz, ArCH2CHOH), 2.78 (1H, dd, J = 16.4, 4.4 Hz, ArCH2CHOH), 2.28 
(1H, d, J = 6.8 Hz, CHOH); 13C NMR (100 MHz, CDCl3): δ 153.8, 130.5, 127.7, 121.2, 
119.4, 116.6, 69.7, 63.3, 33.6. Optical Rotation: []D20 +28.8 (c 0.82, EtOH) for an 
enantiomerically enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (94.5:5.5 er shown; Chiralcel OJ-H column, 96:4 hexanes/i-PrOH, 0.5 
mL/min, 220 nm). 
 
Ret. Time
40.86
46.39
Area
18717470
18866580
Area %
49.802
50.198
Ret. Time
40.68
46.83
Area
22532750
1316467
Area %
94.480
5.520  
                                                 
(69) (a) Rieke, R. D.; Stack. D. E.; Dawson, B. T.; Wu, T-C. J. Org. Chem. 1993, 58, 2483‒2491. (b) Still, 
W. C., Jr.; Goldsmith, D. J. J. Org. Chem. 1970, 35, 2282‒2286.  
O
OH
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(R)-3-(furan-2-yl)propane-1,2-diol (4.156). 1H NMR (400 MHz, CDCl3): δ7.34-7.33 
(1H, m, furyl), 6.31 (1H, dd, J = 3.2, 2.0 Hz, furyl), 6.13-6.11 (1H, m, furyl), 4.01 (1H, br 
s, CHOH), 3.69 (1H, d, J = 11.2 Hz, CHCH2OH), 3.51 (1H, dd, J = 11.2, 6.8 Hz, 
CHCH2OH), 2.83 (2H, d, J = 6.4 Hz, CH2CHOH), 2.44 (1H, s, OH), 2.17 (1H, s, OH); 
13C NMR (100 MHz, CDCl3): δ 152.0, 141.8, 110.5, 107.3, 70.9, 66.0, 32.3; HRMS 
(ESI+): Calcd for C7H11O3 [M+H]: 143.07082, Found: 143.07133. Optical Rotation: 
[]D20 ‒5.62 (c 0.746, CHCl3) for an enantiomerically enriched sample of 98.5:1.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(98.5:1.5 er shown; Chiralcel OD column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
 
(2R,3R)-3-(4-(trifluoromethyl)phenyl)butane-1,2-diol (4.158). 1H NMR (400 MHz, 
CDCl3): δ 7.56 (2H, d, J = 8.0 Hz, ArH), 7.34 (2H, d, J = 8.4 Hz, ArH), 3.79-3.71 (2H, m, 
CHOH and CH2OH), 3.48 (1H, dd, J = 10.8, 6.8 Hz, CH2OH), 2.91 (1H, dq, J = 7.6, 7.6 
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Hz, CH3CH), 2.25 (1H, s, OH), 2.19 (1H, s, OH), 1.26 (3H, d, J = 7.6 Hz, CHCH3); 13C 
NMR (100 MHz, CDCl3): δ 147.6, 129.2 (q, J = 32.7 Hz), 128.5, 125.6, 124.3 (q, J = 
270.8 Hz), 76.0, 64.7, 42.7, 17.9; HRMS (ESI+): Calcd for C11H17F3N1O2 [M+NH4]: 
252.12114, Found: 252.12173. Optical Rotation: []D20 +5.99 (c 1.98, CHCl3) for an 
enantiomerically enriched sample of 94.5:5.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by 
hydroboration of the terminal olefin with 9-BBN, followed by oxidation with H2O2 
(94.5:5.5 er shown; Chiralcel OD column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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Chapter 5 
Cu-Catalyzed Dihydroboration Reactions of 
Terminal Alkynes Promoted by N-Heterocyclic 
Carbenes. Vicinal Diboronates in High 
Enantiomeric Purity 
 
 
5.1 Introduction 
Transition metal-catalyzed diboration reactions of terminal alkenes are important 
methods for the synthesis of a wide range of 1,2-difunctional organoboron compounds, 
which contain primary and secondary boronates;1 a number of challenges, however, are 
yet to be addressed. For example, majority of investigations regarding the corresponding 
transformations of alkenes with diboron reagents (e.g., bis(pinacolato)diboron (B2(pin)2) 
and bis(catecholato)diboron (B2(cat)2)) have been carried out in the presence of precious 
metals, such as Pd, Pt, Rh, and Au salts. Only one example of catalytic diboration of 
                                                 
(1) For reviews on metal-catalyzed diboration, see: (a) Marder, T. B.; Norman, N. C. Top. Catal. 1998, 5, 
63‒73. (b) Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2000, 611, 392‒402. (c) Ishiyama, T.; Miyaura, 
N. Chem. Rec. 2004, 3, 271‒280. (d) Beletskaya, I.; Moberg, C. Chem. Rev. 2006, 106, 2320‒2354. (e) 
Burks, H. E.; Morken, J. P. Chem. Commun. 2007, 4717‒4725. (f) Ramírez, J.; Lillo, V.; Segarra, A. M.; 
Fernández, E. Comp. Rend. Chim. 2007, 10, 138‒151. (g) Miyaura, N. Bull. Chem. Soc. Jpn. 2008, 81, 
1535‒1553. 
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styrene, catalyzed by an inexpensive Cu salt, has been reported. 2  In addition, the 
generation of undesired byproducts can be problematic in transition metal-catalyzed 
diboration. As illustrated in Scheme 5.1, a catalytic cycle for transition metal-catalyzed 
diboration has been proposed to involve oxidative addition of the metal to the diboron, 
insertion across the alkene, and reductive elimination.3 Due to the intrinsic features of the 
catalytic cycle, there are plausible pathways that lead to the generation of undesired 
products. For example, an alkenylboronate 5.2 and an alkylboronate 5.3 could be 
generated through the competitive -hydride elimination from intermediates III-1 or III-
2.  
 
In Chapter 4, we demonstrated a site- and enantioselective Cu-catalyzed protocol 
for boron-copper additions to aryl-substituted olefins carried out with B2(pin)2 and a 
catalytic amount of N-heterocyclic carbene (NHC) complex. The transformations are 
                                                 
(2) Lillo, V.; Fructos, M. R.; Ramírez, J.; Braga, A. A. C.; Maseras, F.; Diaz-Requejo, M. M.; Pérez, P. J.; 
Fernández, E. Chem.‒Eur. J. 2007, 13, 2614‒2621. 
(3) (a) Baker, R. T.; Nguyen, P.; Marder, T. B.; Westcott, S. A. Angew. Chem. Int. Ed. Engl., 1995, 34, 
1336‒1338. (b) Baker, R. T.; Calabrese, J. C. J. Am. Chem. Soc. 1993, 115, 4367‒4368. (c) Nguyen, P. 
Lesley, G.; Taylor, N. J.; Marder, T. B. Inorg. Chem. 1994, 33, 4623‒4624. 
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performed in the presence of MeOH, which facilitates in situ protonation of the C‒Cu 
bond to regenerate the catalytically active species and deliver the hydroboration product: 
a mechanistically different catalytic cycle compared to those of other transition metal-
catalyzed hydroborations (e.g., Pt and Rh, Scheme 5.1). Aryl-substituted alkenes serve as 
effective substrates for Cu-catalyzed hydroboration, since a low-lying π* orbital is likely 
required for association of the substrate with the nucleophilic NHC-Cu complex. 4 
Therefore, we reasoned that if vinylboronates, which also have a low-lying π*, can be 
induced to undergo site-selective hydroborations, an efficient Cu-catalyzed protocol for 
synthesis of the highly versatile vicinal diboronates would be possible. 5  Since 
vinylboronates can be prepared by alkyne hydroboration,6 we further envisioned a single-
vessel Cu-catalyzed process for conversion of terminal alkynes to 1,2-diboronates (eq 
5.1). Herein, we disclose the realization of the strategy outlined above through the use of 
an NHC-Cu complex. Based on the mechanism of copper-boron additions to olefins 
(Scheme 4.14), Cu-catalyzed dihydroboration of alkynes may afford the desired 
diboronates more efficiently due to lack of formation of the proposed undesired 
byproducts 5.2 and 5.3 (Scheme 5.1).  
                                                 
(4) For DFT calculations, see: (a) Dang, L.; Zhao, H.; Lin, Z.; Marder, T. B. Organometallics 2007, 26, 
2824‒2832. (b) Dang, L.; Lin, Z.; Marder, T. B. Organometallics 2008, 27, 4443‒4454. 
(5) For Pt- and Pd-catalyzed double hydrosilylation of arylacetylenes, see: Shimada, T.; Mukaide, K.; 
Shinohara, A.; Han, J. W.; Hayashi, T. J. Am. Chem. Soc. 2002, 124, 1584‒1585. 
(6) (a) Miyaura, N.; Suzuki, A. Org. Synth. Coll. Vol. 8. 1993, p.532. (b) Tucker, C. E.; Davidson, J.; 
Knochel, P. J. Org. Chem. 1992, 57, 3482‒3485. (c) Pereira, S.; Srebnik, M. Organometallics 1995, 14, 
3127‒3128. (d) Pereira, S.; Srebnik, M. Tetrahedron Lett. 1996, 37, 3283‒3286. (e) Ohmura, T.; 
Yamamoto, Y.; Miyaura, N. J. Am. Chem. Soc. 2000, 122, 4990‒4991. (f) Lombardo, M.; Morganti, S.; 
Tozzi, M.; Trombini, C. Eur. J. Org. Chem. 2002, 2823‒2830. (g) Pandya, S. U.; Pinet, S. Chavant, P. Y.; 
Vallee, Y. Eur. J. Org. Chem. 2003, 3621‒3627. 
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Since Baker and coworkers reported the first metal-catalyzed diboration of 
alkenes with diboron reagents,3a a number of catalytic processes involving alkene 
substrates have been developed. Few examples, however, of efficient and highly 
enantioselective metal-catalyzed diborations of olefins have been disclosed that generate 
enantiomerically enriched secondary or tertiary boronates.7 Thus, we set out to develop 
an enantioselective method for NHC-Cu-catalyzed 8  dihydroborations of readily 
accessible terminal alkynes with commercially available and inexpensive B2(pin)2.  
 
5.2 Background 
  Enantiomerically enriched 1,2-diboronates, where two C‒B bonds can be 
differentiated for further functionalizations, are valuable intermediates due to the 
synthetic utility to chiral organic building blocks. Several methods for the synthesis of 
optically active vicinal diboronates have been developed: (1) metal-catalyzed 
enantioselective diboration of alkenes with diboron reagents promoted by chiral 
phosphine ligands, (2) metal-catalyzed diboration with chiral diboron reagents, (3) 
catalytic enantioselective hydroboration of alkenylboronates, and (4) catalytic 
                                                 
(7) For reviews on enantioselective diboration of alkenes, see: (a) ref (1d) and (1f).  
(8) (a) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. (b) Larsen, A. O.; Leu, W.; Nieto-Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2004, 126, 11130–11131. (c) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. 
Chem., Int. Ed. 2007, 46, 1097–1100. 
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hydrogenation of alkenyldiboronates with chiral phosphine ligands. In this section, we 
will introduce the advances in the enantioselective synthesis of 1,2-diboronates.  
5.2.1  Metal-Catalyzed Enantioselective Diborations of Olefins 
In 2003, Morken and coworkers disclosed the first example of metal-catalyzed 
enantioselective diborations of a variety of alkene substrates with commercially available 
B2(cat)2.9 Reactions are promoted by 5 mol % Rh salt in the presence of 5 mol % chiral 
bidentate (S)-Quinap 5.5 (Scheme 5.2). Transformations of trans-disubstituted alkenes 
bearing aryl as well as alkyl substituents are efficient and highly enantioselective, 
delivering the corresponding diols 5.6‒5.11 in 96.5:3.5 er to >98:<2 er with moderate 
yields (48‒76%, Scheme 5.2), after oxidative workup. Diboration of (Z)-β-methylstyrene, 
however, under the same conditions is significantly less enantioselective (74.5:25.5 er of 
5.6b vs 96.5: 3.5 er of 5.6a). A 1-g scale diboration of trans-5-decene allows the catalyst 
loading to be decreased to 0.5 mol % of Rh salt and ligand, furnishing 5.9 in 99.5:0.5 er 
and 69% yield. For diborations involving aliphatic-substituted terminal alkenes, sterically 
demanding substituents (e.g., quaternary -carbon) are required for high 
enantioselectivity. For example, products 5.12 and 5.13 are obtained in 97:3 er and 
97.5:2.5 er, respectively. In significant contrast, Rh-catalyzed diborations of an n-alkyl-
substituted terminal alkenes proceed with lower enantioselectivity (81:19 er of 5.16 vs 
97.5:2.5 er of 5.13). In addition, enantioselective diboron additions to styrene and -
methylstyrene exhibit lower enantioselectivities with the chiral Rh-Quinap-catalyst 
                                                 
(9) (a) Morgan, J. B.; Miller, S. P.; Morken, J. P. J. Am. Chem. Soc. 2003, 125, 8702‒8703. (b) Miller, S. 
P.; Morgan, J. B.; Nepveux, F. J.; Morken, J. P. Org. Lett. 2004, 6, 131‒133. (c) Trudeau, S.; Morgan, J. 
B.; Shrestha, M.; Morken, J. P. J. Org. Chem. 2005, 70, 9538‒9544. 
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system (5.15 and 5.17, 66.5:33.5 and 73:27 er, respectively). In subsequent studies by 
Fernández and coworkers,10 Rh sources and chiral ligands as well as chiral NHC-Ag 
complexes were examined in the diboration of styrenes, but all efforts to improve 
enantioselectivity proved unsuccessful.   
 
Morken and coworkers demonstrated the utility of the enantiomerically enriched 
1,2-diboronate products, which contain two C‒B bonds with difference in reactivities, in 
the site-selective formation of C‒C and C‒O bonds, through a one-pot tandem Rh-
catalyzed enantioselective diboration/Pd-catalyzed Suzuki-Miyaura cross-
coupling/oxidation process.9b As shown in Scheme 5.3, the diboration of alkene 5.18 with 
                                                 
(10) (a) Ramírez, J.; Segarra, A. M.; Ferníndez, E. Tetrahedron; Asymmetry 2005, 16, 1289‒1294. (b) 
Corberán, R.; Ramírez, J.; Poyatos, M.; Peris, E.; Fernández, E. Tetrahedron; Asymmetry 2006, 17, 
1759‒1762. (c) See: ref (1f). 
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B2(cat)2 is catalyzed by chiral Rh catalyst, generating diboronate 5.19. After 6 hours, 
Pd(dppf)Cl2, Cs2CO3, and 4-bromopyridine hydrochloride are injected to the diboration 
reaction mixture. Followed by oxidation with H2O2, the desired product 5.20 is obtained 
with 58% yield and 98:2 er. Only the less sterically hindered primary boronate is cross-
coupled with the aryl halide and the stereochemistry of the secondary C‒B bond is 
retained. This result emphasizes on the significance of enantiomerically enriched 1,2-
diboronates, allowing for introducing two different moieties through differentiated 
functionalizations of primary and secondary boronates.  
p-Tol
Me Me
5 mol % (S)-Quinap 5.5
5 mol % (nbd)Rh(acac)
1.5 equiv B2(cat)2
THF, 22 C, 6 h
p-Tol
Me Me
B(cat)
B(cat)
p-Tol
Me Me
OH N
10 mol % Pd(dppf)Cl2
3 equiv Cs2CO3
2 equiv N
Br
HCl
THF/H2O, 80 C, 18 h;
H2O2, NaOH
5.18
5.20
58% yield, 98:2 er
Scheme 5.3. Single-pot Enantioselective Diboration/Suzuki Cross-Coupling/Oxidation
5.19
 
In a recent report, the authors addressed the issue of the moderate 
enantioselectivity of n-alkyl-substituted diboronate products, obtained from the Rh-
Quinap-catalyzed enantioselective diboration, through the use of a Pt catalyst and chiral 
taddol-derived phosphonite ligands (Scheme 5.4).11 In addition, the more economical and 
efficient enantioselective diboration can be achieved by introducing the use of a B2(pin)2 
reagent (vs expensive B2(cat)2). A range of 1-alkenes bearing n-alkyl, sterically 
demanding alkyl (e.g., Cy and tert-butyl), and phenyl substituents as well as ethers can be 
                                                 
(11) Kliman, L. T.; Mlynarski, S. N.; Morken, J. P.  J. Am. Chem. Soc. 2009, 131, 13210–13211. 
Chapter 5, Page 483 
 
utilized in highly enantioselective Pt-catalyzed diborations with B2(pin)2. Vicinal diols 
with a high enantiomeric purity are obtained in 46‒93% yield and 93:7‒97:3 er, after 
oxidative workup. When compared to Rh-Quinap-catalyzed diboration to deliver 5.15, as 
a representative example, Pt-catalyzed reaction is more efficient and significantly higher 
enantioselective (84% yield and 93:7 er vs 68% yield and 66.5:33.5 er in Scheme 5.2) 
 
5.2.2  Other Approaches to Optically Active Vicinal Diboronates 
Besides on catalytic enantioselective diborations of alkene substrates with 
commercially available diboron reagents in the presence of catalytic amounts of Rh or Pt 
complexes, alternative methods can be used for the formation of vicinal two C‒B bonds 
with high enantiomeric purity. One approach is to use chiral diboron reagents in the 
enantioselective reaction. Norman and coworkers reported that Pt-catalyzed 
enantioselective diboration of styrene 5.28 with a chiral diboron 5.29 in the presence of 5 
mol % Pt(dba)2 affords enantiomerically enriched 1,2-diboronate 5.30 in 80% yield and 
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80:20 diasteromeric ratio (dr), as illustrated in Scheme 5.5.12 The corresponding reactions, 
however, require stoichiometric amounts of chiral diboron reagents and a long reaction 
time (three days). In addition, the substrate scope is limited to vinylarenes and 
enantioselectivity is moderate (up to 80:20 dr). 
 
In 1996, Weissensteiner and coworkers demonstrated that an enantiomerically 
enriched 1,2-diboronate can be synthesized through Rh-catalyzed hydroboration of 
vinylboronate 5.31 with catecholborane (HB(cat)) (Scheme 5.6). 13  The Rh catalyst, 
derived from a mixture of [Rh(cod)2]BF4 and (S)-binap, catalyzes site- and 
enantioselective hydroboration, leading to 1,2-diol ent-5.15 with 49% yield and 86:14 er. 
Other Rh sources and chiral ligands were examined, but they were not able to further 
improve efficiency and enantioselectivity and only one example of the diol product 5.15 
is reported. 
 
                                                 
(12) Marder, T. B.; Norman, N. C.; Rice, C. R. Tetrahedron Lett. 1998, 39, 155‒158. 
(13) Wiesauer, C.; Weissensteiner, W. Tetrahedron: Asymmetry 1996, 7, 5‒8. 
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An alternative approach to the synthesis of optically active 1,2-diboronates is 
metal-catalyzed enantioselective hydrogenation of vinyl bis(boronate)esters. Morken and 
coworkers reported Rh-catalyzed corresponding protocols of vinyl bis(boronate)esters 
including aryl- and aliphatic substituents promoted by 4 mol % of chiral phosphine 
Walphos 5.33. 14  Reactions proceed with high enantioselectivity to deliver the diol 
products (up to 96.5:3.5 er) with 60‒90% yield, after oxidation of in situ-generated 1,2-
diboronates. To minimize the number of manipulations leading to vicinal diboronates, 
one-pot domino reaction was performed through Pt-catalyzed diboration of alkyne with 
B2(pin)2, followed by Rh-Walphos-catalyzed enantioselective hydrogenation and 
oxidation. This single-pot process from phenylacetylene results in the desired product 
ent-5.15 with a similar level of enantioselectivity (95.5:4.5 er), albeit with lower yield 
(66%), compared to that obtained from the hydrogenation of 5.32 (90% yield and 
96.5:3.5 er). 
                                                 
(14) Morgan, J. B.; Morken, J. P. J. Am. Chem. Soc. 2004, 126, 15338‒15339.  
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In a related report, Ir-catalyzed enantioselective hydrogenations of alkenyl 
diboronates have been described by Andersson and coworkers (Scheme 5.8). 15  The 
hydrogenation of 5.32 in the presence of an Ir-N,P catalyst, derived from an Ir salt and 
chiral N,P ligand 5.35, delivers the desired product ent-5.15 with high efficiency (>99% 
conv) and high enantioselectivity (98:2 er). Aliphatic-substituted diboronates, however, 
resulted in low selectivity (less than 75:25 er).  
 
Herein, we demonstrate another approach to obtain enantiomerically enriched 1,2-
diboronates through tandem site-selective NHC-Cu-catalyzed copper-boron additions to 
                                                 
(15) Paptchikhine, A.; Cheruku, P.; Engman, M.; Andersson, P. G. Chem. Commun. 2009, 5996‒5998. 
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readily accessible terminal alkynes with commercially available and low cost Cu salt and 
B2(pin)2.  
 
5.3. Cu-Catalyzed Dihydroboration of Terminal Alkynes  
5.3.1  Identification of Optimal Conditions 
Guided by previous disclosures on Cu-catalyzed hydroborations of aryl-
substituted alkenes with B2(pin)2, we examined the ability of a boronate group (B(pin)) 
on the alkene (i.e., vinylboronate 5.36 as a substrate) to render the π* of the alkene 
electrophilic for a facile complexation to the nucleophilic NHC-Cu-boryl complex, 
allowing for the synthesis of a diboronate product. When reaction of 5.36 with B2(pin)2 
and MeOH was carried out in the presence of 5 mol % NHC-Cu(I) complex 5.37 and 5 
mol % NaOt-Bu, the desired 1,2-diboronate 5.38 was obtained in 97% yield (>98% site 
selectivity (<2% geminal diboronate), eq 5.2). 
 
 The observation that a boronate can act as a π-electron-withdrawing group led us to 
investigate a new method for the synthesis of 1,2-diboronates. A vinylboronate could be 
prepared through Cu-catalyzed hydroboration of an alkyne. Thus, we explored whether 
double site-selective copper-boron additions to a terminal alkyne would occur to afford 
two new C‒B bonds in a one-pot process through hydroboration of the vinylboronate, 
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which is generated in situ from hydroboration of a terminal alkyne with B2(pin)2 
catalyzed by NHC-Cu complex. As depicted in Scheme 5.9, we carried out Cu-catalyzed 
hydroboration of 1-hexyne (5.39) with 0.9 equiv of B2(pin)2 in the presence of 1 mol % 
NHC 5.37 and NaOt-Bu, generating NHC-Cu alkoxide, to determine whether site 
selective formation of a vinylboronate can be catalyzed by the NHC-Cu catalyst. The 
hydroboration in toluene proceeds to >95% conversion in 30 min, affording a mixture of 
terminal and internal vinylboronates (5.40:5.41=90:10). When 2.1 equiv of B2(pin)2 
under the otherwise same conditions is subjected to 1-hexyne (5.39), the desired 1,2-
diboronate 5.42 is obtained and can be readily isolated and purified by silica gel 
chromatography to afford 5.42 in 98% yield; isolated diboronate compounds have been 
rarely reported due to the instability of products (derived from catecholboronates). 
Control experiments indicate that an NHC ligand and MeOH are essential for activating 
borylation (both the first and second hydroborations) and protonating the generated Cu‒C 
intermediate, which provides the boronate product and regenerates the catalytically active 
species (see mechanism in Chapter 4). After screening various achiral NHC-Cu 
complexes, we selected NHC-Cu complex 5.37, with a saturated backbone, as the optimal 
catalyst. 
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5.3.2 Cu-Catalyzed Dihydroboration Reactions of Various Terminal Alkynes 
A range of terminal alkynes can be used in the Cu-catalyzed dihydroboration 
(Table 5.1); >98% conversion is obtained in 3‒6 h with 1‒3 mol % of NHC-Cu complex 
5.37. In addition to dihydroborations, for all terminal alkynes 5.45a‒i, the copper-boron 
addition with 0.9 equiv of B2(pin)2 was carried out to determine the site selectivity for the 
resulting terminal and internal vinylboronates; the first-stage hydroboration is efficient, 
generating vinylboronates with up to 93:7 site selectivity within 30 min. The Cu-
catalyzed dihydroboration with B2(pin)2 tolerates a variety of functional groups. Terminal 
alkynes bearing an ether 5.45a, chloride 5.45b, ester 5.45c, amide 5.45d, or hydroxyl 
group 5.45e undergo dihydroboration efficiently to deliver 1,2-diboronates 5.48‒5.52 in 
84‒98% yields (<2% geminal diboronates, entries 2‒10). With 5.45e (entry 9), which 
bears a hydroxyl group, MeOH is not required for the formation of the vinylboronate 
(>98% conv) and a reduced amount of MeOH (2 equiv vs 3 equiv) is used in the 
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dihydroboration (entry 10). Reactions of alkynes 5.45f and 5.45g, bearing -branched 
substituents, with 2.1 equiv B2(pin)2 give rise to the desired products 5.53 and 5.54 with 
95% and 94% yields, respectively (entries 12 and 14); a higher catalyst loading (3 mol % 
vs 1 mol %) is required in the reaction of 5.45f for complete conversion. A sterically 
demanding alkyne 5.45h can be efficiently catalyzed by 3 mol % NHC-Cu 5.37, 
furnishing the vicinal diboronate 5.55 with 98% yield (entry 16). With enyne substrate 
5.45i, copper-boron additions occur only to the terminal alkyne to give the desired 
diboronate 5.56 in 80% yield; the terminal alkene is inert to the reaction conditions. It is 
noteworthy that additions of a diboron reagent to unactivated olefins are catalyzed by Pd, 
Pt, or Rh to furnish diboronates. Aliphatic-substituted terminal alkenes, however, are 
tolerated in Cu-catalyzed dihydroboration. 
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The findings summarized in Table 5.1 illustrate that Cu-catalyzed 
dihydroborations of readily accessible aliphatic-substituted terminal alkynes with 2.1 
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equiv of B2(pin)2 are efficient and site-selective to afford the desired vicinal diboronates 
(<2% geminal diboronates, 80‒98% yields). It can be, however, challenging to suppress 
the generation of undesired products in some instances when achiral monodentate NHC-
Cu complex 5.37 is used. For example, as shown in Scheme 5.10, Cu-catalyzed reaction 
of terminal alkyne 5.57 bearing a bromide with 2.1 equiv of B2(pin)2 and MeOH does not 
deliver the desired diboronate; only 61% vinylboronates 5.58 and 5.59 are generated. We 
reasoned that the secondary vinylcopper intermediate 5.60, derived from the copper-
boron addition to alkyne 5.57, may attack the bromide through the competitive pathway 
B, instead of trapping of Cu‒C bond on 5.60 with MeOH (pathway A) to generate NHC-
Cu-alkoxide 5.61. As a result of the SN2 mode attack, the first copper-boron addition to 
the alkyne 5.57 generates NHC-CuBr 5.62, which may be an inactive species and not 
undergo -bond metathesis with B2(pin)2 to regenerate NHC-Cu-B(pin). This finding is a 
significant contrast to that of a Cl-substituted alkyne 5.45b (84% yield of diboronate 5.49, 
entry 4 of Table 5.1).  
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In addition to transformations involving aliphatic alkynes, we investigated Cu-
catalyzed dihydroboration of arylacetylenes, as illustrated in Scheme 5.11. Reaction of  
phenylacetylene (5.64) with 2.1 equiv of B2(pin)2, however, generates 45% of the 
undesired geminal diboronate 5.66 along with 55% of the 1,2-diboronate 5.67. It is likely 
that the in situ-generated terminal vinylboronate 5.65 obtained from the hydroboration of 
5.64 could proceed in the second hydroboration through one of two pathways (C or D). A 
boronate and a phenyl group on the vinylboronate 5.65 are π-electron-withdrawing 
groups, which can render the π* of the alkene electrophilic. Thus, pathway C, to generate 
geminal byproduct 5.66 is now competitive with pathway D. Consistent with this 
assumption, dihydroboration of p-methoxyphenyl acetylene (5.68) bearing an electron-
donating aryl substituent, which may suppress pathway C, reduces generation of the 
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geminal diboronate 5.70 (7% of geminal diboronate 5.70 and 93% vicinal diboronate 
5.69). 
 
A terminal alkyne 5.71 bearing a propargylic heteroatom is another challenging 
class of substrates for Cu-catalyzed dihydroboration. Compared to the above-mentioned 
results for site selectivity of the first-stage hydroboration of alkynes that leads to primary 
vinylboronates as the major isomers, the copper-boron addition to 5.71 with 0.9 equiv of 
B2(pin)2 prefers to deliver the secondary vinylboronate 5.73  (5.72:5.73 = 30:70, Scheme 
5.12). This may be due to the Lewis basic oxygen atom on alkyne 5.71 directing the 
boronate on the NHC-Cu-boryl complex. When 2.1 equiv of B2(pin)2 is used in the 
presence of 1 mol % NHC-Cu complex 5.37, alkyne 5.71 undergoes dihydroboration; the 
desired 1,2-diboronate 5.74 is formed, however, significant amounts of two byproducts 
5.75 and 5.76 are obtained (25% of 5.75 and 29% triboronate 5.76). These byproducts 
may be generated through the elimination of resulting quaternary Cu‒C bond within 
intermediate 5.77, which is derived from the reaction of the internal vinylboronate 5.73 
with NHC-Cu-boryl complex, instead of the protonation with MeOH to furnish the 
desired product. This elimination affords the diboronate 5.75, which may undergo further 
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hydroboration to generate the triboronate 5.76. To minimize the formation of byproducts 
originating from the hydroboration of the internal vinylboronate, site selectivity in the 
first-stage of hydroboration needs to be controlled. Thus, examination of different types 
of NHC structures is required to explore whether this affects the control of the site 
selectivity (see below for details). 
 
 
5.4. Cu-Catalyzed Enantioselective Dihydroboration Reactions of 
Terminal Alkynes 
5.4.1  Identification of Chiral NHC Complexes 
The ability of achiral NHC-Cu complex 5.37 to catalyze dihydroboration of 
terminal alkynes has challenged us to begin the development of enantioselective Cu-
catalyzed dihydroboration with chiral NHC catalysts to generate enantiomerically 
enriched organoboron products. Thus, we examined chiral monodentate as well as 
bidentate imidazolinium salts, developed in our laboratories,8 to identify optimal 
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conditions for highly enantioselective dihydroboration of Cl-substituted alkyne 5.45b. 
Reactions were carried out with 2.1 equiv B2(pin)2 and MeOH in the presence of in situ-
generated chiral NHC-Cu complexes, derived from the reaction of 5 mol % 
imidazolinium salts with 5 mol % CuCl and 20 mol % NaOt-Bu (condition B in Scheme 
5.13) to afford diboronate 5.49. In addition to the one-pot process of enantioselective 
dihydroboration in the presence of various imidazolinium salts, we performed the first-
stage hydroboration of the alkyne 5.45b with 0.9 equiv B2(pin)2 to determine the site 
selectivity of terminal and internal vinylboronates (5.46b and 5.47b) (condition A in 
Scheme 5.13). Enantioselective hydroboration of pure terminal vinylboronate 5.46b 
under the same conditions (except with 1.1 equiv of B2(pin)2, condition C) to generate 
diboronate 5.49, was also examined to explore whether the in situ-generated internal 
vinylboronate 5.47b in the tandem reaction affects the reactivity and the 
enantioselectivity in the second-stage hydroboration. A chiral bidentate NHC-sulfonate 
complex was effective for the enantioselective hydroboration of disubstituted alkenes, as 
detailed in Chapter 4. Thus, we first examined modified chiral sulfonate-bearing NHC-
Cu catalysts for Cu-catalyzed enantioselective dihydroboration of alkyne 5.45b (Scheme 
5.13). The data obtained from the corresponding transformations of 5.45b in the presence 
of I-3, I-15, and I-20 indicate that the more sterically demanding chiral NHC-Cu 
complex results in higher reactivity and better enantioselectivity of 1,2-diboronate 5.49 
(e.g., 71% conv to 5.49 and 85.5:14.5 er with I-3 bearing a trimethylphenyl moiety vs 
90% conv to 5.49 and 95:5 er with I-20 bearing a triisopropylphenyl group). It should be 
noted that the first-stage hydroboration of alkyne 5.45b with 0.9 equiv of B2(pin)2 in the 
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presence of a sterically hindered ligand I-20 exclusively affords the terminal 
vinylboronate 5.46b with >95% site selectivity (vs 80:20 site selectivity with I-3). Thus, 
with NHC-Cu catalyst derived from I-20, the dihydroboration of the alkyne 5.45b and the 
hydroboration of the vinylboronate 5.46b afford the diboronate 5.49 with similar levels of 
enantioselectivity and reactivity. Cu-catalyzed enantioselective dihydroboration of alkyne 
5.45b in the presence of I-3 or I-15 proceeds with slightly higher enantioselectivity 
(85.5:14.5‒90:10 er) than that resulted from the hydroboration of pure vinylboronate 
5.46b (82.5:17.5 er). These findings illustrate that the in situ-generation of internal 
vinylboronate 5.47b in the first-stage hydroboration of 5.46b in the presence of I-3 or I-
15 does not diminish enantioselectivity. Dihydroboration of the alkyne 5.45b with a 
chiral imidazolinium salt I-16 bearing a monophenyl backbone leads to a similar level of 
enantioselectivity to result with I-3 bearing a diphenyl backbone (86:14 er with I-16 vs 
85.5:14.5 er with I-3). To further improve the enantioselectivity, we prepared modified 
sulfonate-bearing imidazolinium salts I-26 and I-27 that contain an ortho-phenyl 
substituent on the N-aryl group, which might render the NHC ligand more sterically 
hindered. The salt I-26, however, is not effective, proceeding to only 21% conversion to 
5.49 with 83:17 er, although high site selectivity (95:5) in the first-stage copper-boron 
addition to alkyne 5.45b is obtained. Cu-catalyzed dihydroboration in the presence of 
chiral salt I-27 bearing a tert-butyl group at the meta-position of the N-aryl group is 
efficient (>98% conv to 5.49), but leads to lower enantioselectivity of 5.49 (80.5:19.5 er 
vs 95:5 er with I-20).  
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A: 5.46b:5.47b = 95:5
B: 21% 5.49, 83:17 er
(79% vinyl, 5.46b:5.47b = 92:8)
C: 26% 5.49, 73.5:26.5 er
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Next, we investigated the ability of chiral monodentate and biphenol-based 
bidentate imidazolinium salts to promote site- and enantioselective copper-boron 
additions. In contrast to NHC-Cu sulfonates, the first-stage hydroboration in the presence 
of chiral salts I-2 or I-7, bearing a biphenol group, results in inferior site selectivity 
(5.46b:5.47b=47:53 with I-2, 5.46b:5.47b=41:59 with I-7); internal vinylboronate 5.47b 
is slightly favored. These findings indicate that site selectivity of the first-stage 
hydroboration of alkynes can be controlled by sterics or electronics of the ligands. Cu-
catalyzed dihydroboration of alkyne 5.45b in the presence of 5 mol % I-2 is more 
efficient, but less enantioselective than results with I-20 (94% conv to 5.49, 85.5:14.5 er 
vs 95:5 er with I-20). The sterically demanding bidentate biphenol-bearing I-7 does not 
help to improve enantioselectivity (83:17 er vs 85.5:14.5 er with I-2), leading to 65% 
conversion to diboronate 5.49. When I-7 is used in hydroboration of the pure 
vinylboronate 5.46b with 1.1 equiv B2(pin)2, complete conversion is obtained; this 
indicates that hydroboration of the in situ-generated secondary vinylboronate 5.47b with 
sterically demanding I-7 is slow. In addition, Cu-catalyzed dihydroboration of the alkyne 
5.45b in the presence of chiral monodentate imidazolinium salts I-21 or I-24 is 
significantly less reactive and less enantioselective (27‒43% conv to 5.49, 
58:42‒69.5:30.5 er), compared to results with bidentate sulfonate-containing ligands. 
Moreover, low levels of site selectivity are obtained when additions are promoted by I-21 
and I-24 (5.46b:5.47b=57:43 with I-21 and 54:46 with I-24). The data summarized in 
Scheme 5.13 demonstrate that NHC structures play important roles in determining the 
site selectivity, the reactivity, as well as the enantioselectivity of copper-boron additions.  
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Subsequently, we investigated Cu-catalyzed hydroboration of a pure internal 
vinylboronate 5.47b with three representative types of imidazolinium salts I-20, I-2, and 
I-21 to further support the significance of the site-selective first-stage hydroboration of 
alkyne 5.45b in the one-pot process. As illustrated in Scheme 5.14, transformation of the 
internal vinylboronate 5.47b in the presence of I-20 under the same conditions presented 
in Scheme 5.13 (condition C) proceeds to only 13% conversion to 5.49 (55:45 er). This 
consequence is significant contrast to that of the pure terminal vinylboronate 5.46b, 
which leads to 88% conversion to the desired diboronate 5.49 with 94:6 er. The high 
enantioselectivity of 5.49 promoted by the NHC-Cu complex derived from I-20 is thus 
partly due to its ability to promote site-selective formation of the terminal vinylboronates 
predominantly. With a chiral bidentate biphenol-based salt I-2, hydroboration of the 
internal vinylboronate 5.47b is more enantioselective than that of the terminal 
vinylboronate 5.46b, albeit with decreased reactivity (61% conv and 94:6 er with 5.47b 
in Scheme 5.14 vs >98% conv and 77:23 er with 5.46b in Scheme 5.13). This finding 
accounts for why Cu-catalyzed tandem copper-boron additions to alkyne 5.45b in the 
presence of biphenol-based I-7 (leading to 59% of internal vinylboronate 5.47b in situ) is 
less efficient and slightly more enantioselective than hydroboration of the pure terminal 
boronate 5.46b (65% conv and 83:17 er vs >98% conv and 80:20 er in Scheme 5.13). 
Reaction of 5.47b with chiral monodentate I-21 proceeds to 12% conversion. Therefore, 
the control of site selectivity in the first-stage of copper-boron additions to terminal 
alkynes is critical for efficient and highly enantioselective dihydroborations.  
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Based on the chiral ligand screening study, we selected chiral bidentate sulfonate I-20, 
bearing a sterically demanding triisopropylphenyl group, as an optimal ligand. 
5.4.2 Cu-Catalyzed Enantioselective Dihydroboration Reactions of Various 
Terminal Alkynes 
A range of terminal alkynes can be used in the Cu-catalyzed enantioselective 
dihydroboration with 2.1 equiv B2(pin)2 promoted by 5‒7.5 mol % of in situ-generated 
NHC-Cu complex, derived from reaction of I-20 with CuCl and NaOt-Bu. In addition to 
terminal alkynes bearing a halogen-substituted alkyl group (Table 5.2, entry 1), those 
carrying an ether, ester, amide unit (entries 2, 3, and 4) or an n-alkyl group (entry 5) 
undergo dihydroboration to afford the desired 1,2-diboronates in 72‒93% yield and up to 
96.5:3.5 er (<2% geminal diboronate).  Comparison of the data in entries 6 and 7 with 
those in entries 8 and 9 (Table 5.2) indicates that transformations of alkynes containing a 
-branched side chain (entries 6 and 7), where 7.5 mol % I-20 is required for high 
conversion, proceed more slowly than those with the corresponding -branched 
substituents (entries 8 and 9). Cu-catalyzed reaction of a sterically demanding alkyne 
(entry 8) affords 5.55 in 76% yield with high enantioselectivity (97:3 er). Terminal 
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alkynes bearing aryl groups (entries 9 and 10) undergo dihydroboration promoted by a 
chiral NHC-Cu catalyst, generating the desired vicinal diboronates predominantly (vs 
geminal diboronates) with 59‒61% yield and high enantioselectivities (up to 97.5:2.5 er); 
only 5% of the undesired geminal diboronate 5.66 is observed with phenylacetylene. 
Comparison of this result with that obtained from the dihydroboration of phenylacetylene 
in the presence of achiral monodentate NHC-Cu complex 5.37, which results in the 
generation of 45% geminal diboronate 5.66 (Scheme 5.11), underlines that the unique 
attributes of the chiral bidentate NHC-Cu complex derived from I-20 and the importance 
of the design and the development of modified ligands for further efficient and selective 
C‒B bond forming reactions.  
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Additionally, the critical role of chiral bidentate sulfonate I-20 in the Cu-
catalyzed dihydroborations of terminal alkynes 5.71 and 5.78 bearing a propargylic 
heteroatom is highlighted in eqs 5.3 and 5.4. The corresponding reactions can be carried 
out efficiently, affording 5.74 and 5.79 in 71% and 82% yield and 97:3 and 95:5 er, 
respectively. In contrast, as discussed in Scheme 5.12, dihydroboration of 5.71 in the 
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presence of achiral monodentate NHC-Cu complex 5.37 proceeds to 35% of the desired 
diboronate 5.74 along with significant amounts of undesired byproducts. Therefore, by 
employing chiral bidentate sulfonate I-20 in the one-pot dihydroboration of alkyne 5.71, 
we are able to control the generation of byproducts and the desired product 5.74 is 
obtained predominantly (71% yield).  
 
We reason that the bidentate sulfonate NHC-Cu catalyst controls the site 
selectivity in the first-stage hydroboration, leading to the generation of terminal 
vinylboronate 5.72 in situ predominantly. Thus, we compared the difference of site 
selectivity depending on NHC structures in hydroboration of terminal alkynes bearing a 
propargylic heteroatom, as illustrated in Scheme 5.15. The first-stage hydroboration of 
alkynes 5.71 and 5.78 proceeds readily with 1.0 mol % achiral monodentate NHC-Cu 
complex 5.37 (Scheme 5.15), resulting in the formation of internal vinylboronates 5.73 
and 5.81 as the major isomers (terminal:internal vinylboronate = 17:83 and 10:90, 
respectively). In contrast, when imidazolinium sulfonate I-20 is used, terminal 
vinylboronates 5.72 and 5.80 are produced predominantly (terminal:internal 
vinylboronate = 89:11). We propose that different configurations between monodentate 
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and bidentate NHC-Cu-boryl complex in the transition state might lead to the different 
site selectivities. Proposed mechanistic models will be discussed below.  
 
Next, we carried out one representative example of Cu-catalyzed enantioselective 
dihydroboration of terminal alkyne 5.78 bearing a propargyl amine in the presence of 
chiral monodentate NHC-Cu complex derived from I-21. Consistent with the findings 
above, when hydroboration of 5.78 with 0.9 equiv B2(pin)2 is carried out in the presence 
of I-21, internal vinylboronate 5.81 is generated predominantly (15:85 5.80:5.81 site 
selectivity). The tandem enantioselective dihydroboration of 5.78 with 2.1 equiv B2(pin)2 
under the same conditions proceeds to only 28% conversion to the desired product with 
62.5:37.5 er, accompanied by the generation of byproducts 5.75 and 5.76 and 43% of 
unreacted internal vinylboronate 5.81. This result indicates that internal vinylboronate 
generated in situ from the first copper-boron addition to the alkyne hampers the 
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efficiency and reactivity in the Cu-catalyzed dihydroboration. Thus, the site selectivity 
for the dihydroboration of propargylic-substituted alkynes must be controlled for 
effective reactions.  
 
Enantiomerically enriched diboronates can also be synthesized through catalytic 
diborations of terminal alkenes with diboron reagents.1 Alternative protocols require the 
use of chiral phosphines and salts of precious metals (e.g., Pt-, Pd- or Rh-based), which 
are significantly more costly than CuCl. As demonstrated through the synthesis of 
unsaturated diboronates 5.82 and 5.83 (Scheme 5.17), the present approach complements 
the above-mentioned protocols involving alkene substrates; the Cu-catalyzed reaction 
allows for chemoselective dihydroboration of alkynes in the presence of an appendant 
olefin (2% reaction of the alkene), affording 1,2-diboronates with 60‒69% yield and 
94.5:5.5 er. 
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5.4.3  Functionalization of Chiral Diboronate Products 
The diboronates obtained through the present method are versatile, providing 
access to other useful enantiomerically enriched molecules. The Pd-catalyzed Suzuki-
Miyaura cross-coupling reaction16 is an important procedure to generate C‒C bonds from 
organoboron compounds. Cross-coupling of alkyl boronates, however, has been less 
studied; only a few examples of cross-coupling of aryl halides (or triflates) with in situ-
generated catechol based-diboronates have been reported by Morken and Fernández 
(Scheme 5.3).17 Thus, we investigated the development of Pd-catalyzed cross-coupling of 
1,2-diboronates with vinyl halides. First, we carried out a cross-coupling of 1,2-
diboronate 5.74 with vinyl bromide 5.84 in the presence of 10 mol % Pd catalyst and 
                                                 
(16) For reviews of Pd-catalyzed cross-coupling, see: (a) Doucet, H. Eur. J. Org. Chem. 2008, 2013‒2030. 
(b) Chemler, S. R.; Trauner, D.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2001, 40, 4544‒4568. For 
examples of Pd-catalyzed cross-coupling reactions of alkyl-substituted pinacolatoboronates, see: (d) 
Molander, G. A.; Ito, T. Org. Lett. 2001, 3, 393‒396. (e) Zou, G.; Falck, J. R. Tetrahedron Lett. 2001, 42, 
5817‒5819. (f) Imao, D.; Glasspoole, B. W.; Laberge, V. S.; Crudden, C. M. J. Am. Chem. Soc. 2009, 131, 
5024–5025. 
(17) (a) See: ref (9b). (b) Penno, D.; Lillo, V.; Koshevoy, I. O.; Sanaú, M.; Ubeda, M. A.; Lahuerta, P.; 
Fernández, E. Chem. ‒Eur. J. 2008, 14, 10648‒10655. 
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three equivalents of Cs2CO3; the desired product 5.85, however, is obtained <5%  
conversion. Byproducts from homo-coupling reactions of 5.84 are observed (5.84 is 
completely consumed after 12 h, eq 5.5). To diminish homo-coupling reactions of the 
vinylhalide, we prepared -methyl substituted vinyl bromide 5.86, a more strerically 
demanding cross partner than 5.84, which might be more resistant toward homo-coupling 
reactions.  
 
 
As summarized in Table 5.3, we examined optimal conditions for Pd-catalyzed 
cross coupling of diboronate 5.74 with vinylbromide 5.86. When Pd-catalyzed cross-
coupling with three equivalents of 5.86 in a dilute solution concentration (c = 0.024 M in 
entry 4 vs c = 0.08 M in entry 1) was carried out, the reaction proceeded to >90% 
conversion with 60% yield of the desired product 5.87; the sterically more hindered 
secondary boronate in 5.74 does not react with the cross partner. Under the same 
conditions, Pd-catalyzed cross-coupling reactions of enantiomerically enriched 
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diboronates 5.74 and 5.79 with vinyl cross partner 5.86, followed by oxidation of 
secondary boronates with NaBO3 deliver the formation of new C‒C and C‒O bonds in 
products 5.88 and 5.8918 with retention of the enantioselectivity19 and 60‒73% yield 
(Scheme 5.18). Diboronate 5.42 bearing an n-alkyl-substituted group can be also used in 
site-selective Pd-catalyzed cross-coupling, affording ,-unsaturated ester-containing 
boronate 5.90 with 70% yield without loss of enantiomeric purity.  
 
In addition to cross-coupling with vinylbromide 5.86 bearing an ,-unsaturated 
ester, we extended Pd-catalyzed cross-coupling involving diboronate 5.74 and -
bromoenone 5.91, delivering 5.92, which can undergo oxidation of the remaining 
                                                 
(18) Those products can be synthesized through vinylogous aldol reactions. See: (a) Denmark, S. E.; 
Heemstra, J. R., Jr.; Beutner, G. L. Angew. Chem., Int. Ed. 2005, 44, 4682‒4698. (b) Sickert, M.; Schneider, 
C. Angew. Chem., Int. Ed.  2008, 47, 3631‒3634. (c) Giera, D. S.; Sickert, M.; Schneider, C. Org. Lett. 
2008, 10, 4259‒4262. (d) Shinoyama, M.; Shirokawa, S.-i., Nakazaki, A.; Kobayashi, S. Org. Lett. 2009, 
11, 1277‒1280. 
(19) For a report about isomerization during Suzuki-Miyaura cross-couplings of alkylboronic acids, see: 
Kataoka, N.; Shelby, Q.; Stambuli, J. P.; Hartwig, J. F. J. Org. Chem. 2002, 67, 5533‒5566. 
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alkylboronate to form a secondary alcohol 5.93 with 95% yield. Enantioselectivity during 
the cross-coupling reaction is not diminished (96.5:3.5 er). 
 
5.4.4  Proposed Mechanistic Models for Copper-Boron Addition to Terminal 
Alkynes 
We have proposed transition state models to account for the different site 
selectivity (terminal vs internal vinylboronate) in the first copper-boron addition to 
terminal alkynes depending on NHC structures. As shown in Scheme 4.9 in Chapter 4, 
Sadighi and coworkers isolated and characterized a monodentate NHC-Cu-boryl 
complex,20 which is monomeric and linear in geometry. Based on this structure, we 
propose that alkyne-Cu complexation consists of a trigonal planar configuration 
presented in TS-5.1‒TS-5.4 in Scheme 5.19. With alkyl substituted terminal alkynes 
examined in Table 5.1, terminal vinylboronates are obtained predominantly as major 
isomers. Thus we reasoned that the mode of coordination in TS-5.1 is generally favorable 
to minimize steric interaction between sterically demanding pinacolboryl group and 
substituent (R) on the alkyne, which is induced by the dissymmetric transition state with 
                                                 
(20) Laitar, D. S.; Müller, P.; Sadighi, J. P. J. Am. Chem. Soc. 2005, 127, 17196‒17197. 
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a shorter C‒B bond compared to the C‒Cu bond.21 The corresponding transformations 
involving terminal alkynes bearing propargylic heteroatoms, such as 5.71 and 5.78, 
however, exhibit opposite site selectivity; internal vinylboronates are formed 
predominantly. We propose that the Lewis basic oxygen atom on the propargylic alkyne 
5.71 may direct the boryl group to allow the π-complexation in TS-5.4 energetically 
favorable, leading to internal vinylboronate 5.73, although a steric interaction between 
tert-butyl substituent of 5.71 and boryl group in TS-5.4 was expected. Thus, the directing 
effect overrides the steric interaction to control the site selectivity.  
 
                                                 
(21) Alkylcopper complex obtained from the insertion of styrene into an NHC-Cu-boryl complex was 
characterized by X-ray crystallography (shown in Scheme 4.10). See: Laitar, D. S.; Tsui, E. Y.; Sadighi, J. 
P. Organometallics 2006, 25, 2405‒2408. 
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In contrast, the first-stage hydroboration of the propargylic alkyne 5.71 catalyzed 
by a chiral bidentate sulfonate NHC-Cu complex derived from I-21 affords the terminal 
vinylboronate 5.72 as the major isomer. Similarly as in transition state models involving 
a chiral bidentate sulfonate NHC-Cu complex VI (Scheme 5.20) for hydroboration of 
alkynes (as we discussed in Chapter 4.6), we also propose that the alkyne may coordinate 
to the Cu bound to NHC complex (VI) in a tetrahedral configuration, pictured in TS-5.5 
and TS-5.6. In the structure of triisopropylphenyl-substituted NHC-Cu complex VI, one 
ortho-isopropyl group on the N-aryl group may be more tilted down to avoid steric 
repulsion between the isopropyl group and the adjacent phenyl backbone. Thus, if 
substrate 5.71 approaches in the mode of the coordination in TS-5.6, steric interactions 
between the tert-butyl group of the alkyne 5.71 and the bulk of the triisopropylphenyl 
group on the NHC, in addition to steric interaction between boryl group and the tert-butyl 
group of the alkyne 5.71,  would be expected. Although a Lewis basic oxygen atom 
directs the boryl group, the steric effect overrides the directing effect; the mode of 
coordination in TS-5.6 is less favored. Therefore, the most accessible mode of π-
complexation between the NHC-Cu complex VI and the alkyne 5.71 is represented in 
TS-5.5, leading to the terminal vinylboronate 5.72 predominantly.   
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We also propose mechanistic models to account for the major enantiomer from 
Cu-catalyzed dihydroboration with 2.1 equiv B2(pin)2 promoted by a chiral bidentate 
sulfonate NHC-Cu complex derived from I-20. We assume that the step of π-
complexation of the alkene to the Cu atom is a significantly important stereochemistry-
determining step to account for the observed enantiomer. As illustrated in TS-5.7 and 
TS-5.8 in Scheme 5.21, the approach of in situ-generated terminal vinylboronate in the 
mode of the complexation in TS-5.7, where the larger boryl group (vs H) is point away 
from the bulk of the aryl group on the NHC, is more favored than TS-5.8 to deliver the 
observed enantiomer with high enantiomeric purity.  
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5.5 Conclusions 
We have demonstrated efficient Cu-catalyzed dihydroboration of a variety of 
terminal alkynes with commercially available and inexpensive B2(pin)2 to afford vicinal 
diboronates, which can be isolated by silica gel chromatography. In a one-pot process, a 
site-selective hydroboration of an alkyne promoted by a readily accessible achiral NHC-
Cu complex generates the corresponding vinylboronate, which undergoes a second site-
selective hydroboration. Reactions are functional group tolerant, including a chloride, an 
alcohol, an ether, an ester, or an amide group, affording the desired diboronates with high 
yields (up to 98% yield).  
A Cu-catalyzed protocol for transformations of terminal alkynes to 
enantiomerically enriched diboronates has been described. Enantioselective 
dihydroborations are catalyzed by a chiral bidentate sulfonate NHC-Cu complex derived 
from reaction of 5–7.5 mol % of a chiral bidentate imidazolinium salt with CuCl and 
NaOt-Bu, delivering 1,2-diboronates in 60–93% yield and up to 97.5:2.5 er. The control 
of the site selectivity in the first copper-boron addition to the alkyne in the tandem 
dihydroborations is critical for efficient and highly enantioselective reaction. We 
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disclosed that NHC structures (i.e., monodentate vs bidentate NHCs) affects the control 
of the site selectivity. Terminal alkynes bearing an alkene moiety undergo high chemo- 
and enantioselective dihydroboration, generating unsaturated diboronates (>98% boron 
addition to alkyne; <2% to alkene) with high enantioselectivities (94.5:5.5 er). The 
enantiomerically enriched diboronates can be functionalized to afford an assortment of 
versatile organic molecules.   
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5.6  Experimentals  
Genenral. Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, max in cm-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance as the internal standard (CDCl3: 7.26 ppm).  Data are reported 
as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q 
= quartet, m = multiplet), and coupling constants (Hz). 13C NMR spectra were recorded 
on a Varian Unity INOVA 400 (100 MHz) spectrometer with complete proton 
decoupling.  Chemical shifts are reported in ppm from tetramethylsilane with the solvent 
resonance as the internal standard (CDCl3: 77.16 ppm). High-resolution mass 
spectrometry was performed on a Micromass LCT ESI-MS (positive mode) at the Mass 
Spectrometry Facility, Boston College. Elemental microanalyses were performed at 
Robertson Microlit Laboratories (Madison, NJ). Enantiomer ratios were determined by 
high-performance liquid chromatography (HPLC) with a Shimadzu chromatograph 
(Chiral Technologies Chiralcel OD (4.6 x 250 mm), Chiral Technologies Chiralcel OB-H 
(4.6 x 250 mm), Chiral Technologies Chiralcel OJ-H (4.6 x 250 mm), or Chiral 
Technologies Chiralpak AS (4.6 x 250 mm)) in comparison with authentic racemic 
materials. Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. 
  Unless otherwise noted, all reactions were carried out with distilled and degassed 
solvents under an atmosphere of dry N2 in oven- (135 oC) or flame-dried glassware with 
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standard dry box or vacuum-line techniques.  Dichloromethane (Fisher Scientific) was 
purified by being passed through two alumina columns under a positive pressure of dry 
argon by a modified Innovative Technologies purification system. Tetrahydrofuran 
(Aldrich Chemical Co.) was purified by distillation from sodium benzophenone ketyl 
immediately prior to use unless otherwise specified.  Methanol (Aldrich Chemical Co.) 
was distilled over CaH2. All work-up and purification procedures were carried out with 
reagent grade solvents (purchased from Doe & Ingalls) under air.  
 
5.6.1  Reagents and Ligands 
Benzoyl Chloride: purchased from Aldrich Chemical Co. and used as received. 
Bis(pinacolato)diboron: purchased from Frontier Scientific, Inc. and recrystallized from 
pentane. 
N-Boc-propargylamine (5.78): purchased from Aldrich Chemical Co. and purified by 
flash silica gel chromatography (hexanes:EtOAc = 10:1). 
3-Bromo-5,5-dimethylcyclohex-2-enone (5.91): prepared according to previously 
reported procedures.22 
6-tert-Butoxyhex-1-yne: prepared according to a previously reported procedure.23 
3-tert-Butoxyprop-1-yne (5.71): prepared according to a previously reported 
procedure.24 
                                                 
(22) Mewshaw, R. E. Tetrahedron Lett. 1989, 30, 3753‒3756. 
(23) Mansurova, M.; Klusák, V.; Nešněrová, P.; Muck, A.; Doubský, J.; Svatoš, A. Tetrahedron 2009, 65, 
1069‒1076. 
(24) Alexakis, A.; Gardette, M.; Colin, S. Tetrahedron Lett. 1988, 29, 2951‒2954. 
Chapter 5, Page 518 
 
tert-Butyl allyl(but-3-ynyl)carbamate: prepared according to previously reported 
procedures.25 
tert-Butyl pent-4-ynylcarbamate: prepared according to a previously reported 
procedure.26 
Cesium carbonate: purchased from Aldrich Chemical Co. and used as received. 
5-Chloro-1-pentyne: purchased from Aldrich Chemical Co. and purified by distillation 
over CaCl2. 
trans-5-Chloro-1-penten-1-ylboronic acid pinacol ester (5.46b): purchased from 
Aldrich Chemical Co. and purified by flash silica gel chromatography (hexanes:EtOAc = 
10:1). 
Copper (I) chloride: purchased from Aldrich Chemical Co. and used as received.  
Cu-NHC complex 5.37: prepared according to previously reported procedures.27 
Cyclohexylacetylene: purchased from Aldrich Chemical Co. and purified by distillation 
over CaH2 under reduced pressure. 
3-Cyclopentyl-1-propyne: purchased from Aldrich Chemical Co. and purified by 
distillation over CaH2. 
Dichloro 1,1’-bis(diphenylphosphino)ferrocene palladium (II) dichloromethane 
adduct: purchased from Strem Chemicals Inc. and used as received. 
                                                 
(25) Becker, D. P.; Flynn, D. L. Tetrahedron 1993, 49, 5047‒5054. 
(26) Saito, Y.; Matsumoto, K.; Bag, S. S.; Ogasawara, S.; Fujimoto, K.; Hanawa, K.; Saito, I. Tetrahedron 
2008, 64, 3578‒3588. 
(27) Díez-González, S.;  Kaur, H.; Zinn, F. K.; Stevens, E. D.; Nolan, S. P. J. Org. Chem. 2005, 70, 
4784‒4796. 
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1-Hexyne: purchased from Aldrich Chemical Co. and purified by distillation over CaH2.  
Hydrogen peroxide (35 wt. % solution in water): purchased from Aldrich Chemical 
Co. and used as received. 
Imidazolinium salt I-20, I-26 and I-27: prepared according to previously reported 
procedures.28  
Imidazolinium salts I-21 and I-24: prepared according to previously reported 
procedures.29 
Phenylacetylene: purchased from Aldrich Chemical Co. and purified by distillation and 
passed through activated neutral alumina prior to use. 
3-Phenyl-1-propyne: purchased from Aldrich Chemical Co. and purified by distillation 
over CaH2 under reduced pressure. 
Pyridine (anhydrous): purchased from Aldrich Chemical Co. and used as received. 
Sodium tert-butoxide (98%): purchased from Strem Chemicals Inc. and used as 
received. 
Sodium perborate tetrahydrate: purchased from Aldrich Chemical Co. and used as 
received. 
 
Imidazolinium salt I-26. IR (neat): 3054 (br), 1615 (s), 1583 (m), 1263 (m), 1224 (s), 
1193 (s), 1139 (m), 1089 (m), 1021 (m), 762 (m), 731 (s), 699 (s), 539 (s) cm–1; 1H NMR 
                                                 
(28)  (a) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 
1097‒1100. (b) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 7468‒7472. 
(29) (a) Chaulagain, M. R.; Sormunen, G. J.; Montgomery, J. J. Am. Chem. Soc. 2007, 129, 9568‒9569. (b) 
Lillo, V.; Prieto, A.; Bonet, A.; Díaz-Requejo, M. M.; Ramírez, J.; Pérez, P. J.; Fernández, E. 
Organometallics, 2009, 28, 659‒662. (c) Lee, K-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455‒4462. 
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(400 MHz, CDCl3): δ 9.10 (1H, s), 7.99 (1H, dd, J = 7.6, 1.2 Hz), 7.76-7.71 (3H, m), 
7.61-7.59 (2H, m), 7.53 (2H, dd, J = 7.2, 0.8 Hz), 7.30-7.19 (5H, m), 7.17-7.09 (4H, m), 
7.03 (1H, d, J = 7.6 Hz), 6.93 (1H, td, J = 7.6, 1.6 Hz), 6.41 (2H, d, J = 8.0 Hz), 6.23 (1H, 
d, J = 8.0 Hz), 6.09 (1H, d, J = 12.4 Hz), 4.76 (1H, d, J = 12.0 Hz), 2.03 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 159.1, 144.1, 140.6, 139.4, 138.9, 134.5, 131.8, 131.2, 130.7, 
130.6, 130.4, 130.2, 130.0, 129.9, 129.8, 129.7, 129.4, 129.3, 129.0, 128.8, 128.6, 128.5, 
128.4, 75.9, 74.2, 18.4; LRMS (ES+): Calcd for C34H28N2O3NaS [M+Na]: 567.1718, 
Found: 567.1708; Optical Rotation: []D20 +63.4 (c 1.43, CHCl3). 
Imidazolinium salt I-27. IR (neat): 1620 (w), 1610 (w), 1585 (w), 1278 (w), 1220 (m), 
1199 (m), 1020 (w), 728 (m), 718 (m), 698 (s), 610 (s) cm–1; 1H NMR (400 MHz, 
CDCl3): δ 9.04 (1H, s), 8.30 (1H, dd, J = 7.6, 1.6 Hz), 7.91 (1H, d, J = 2.0 Hz), 7.63-7.60 
(2H, m), 7.57-7.53 (1H, m), 7.40-7.30 (8H, m), 7.25-7.21 (4H, m), 7.16 (1H, d, J = 8.4 
Hz), 7.04 (3H, d, J = 7.2 Hz), 6.36 (1H, dd, J = 8.0, 1.2 Hz), 5.90 (1H, d, J = 10.8 Hz), 
4.74 (1H, d, J = 11.2 Hz), 1.28 (9H, s); 13C NMR (100 MHz, CDCl3): δ 158.3, 153.4, 
143.8, 138.1, 135.2, 134.4, 133.1, 131.7, 131.0, 130.4, 130.1, 130.0, 129.9, 129.8, 129.8, 
129.7, 129.4, 129.3, 129.2, 128.9, 128.5, 127.6, 127.1, 126.9, 77.1, 75.5, 34.9, 31.1; 
LRMS (ES+): Calcd for C37H34N2O3NaS [M+Na]: 609.2188, Found: 609.2168; Optical 
Rotation: []D20 ‒145.3 (c 2.71, CHCl3). 
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5.6.2 Experimental Procedure and Characterization Data for Cu-Catalyzed 
Dihydroboration Reactions 
 Representative experimental procedure for enantioselective Cu-catalyzed 
dihydroboration of 5-chloro-1-pentyne (5.45b) with bis(pinacolato)diboron: In the a 
N2-filled glove box, 5.37 (2.00 mg, 5.00 x 10-3 mmol), NaOt-Bu (0.480 mg, 5.00 x 10-3 
mmol), and toluene (1.0 mL) were added into an oven-dried vial, which was sealed with a 
septum and parafilm and removed from the glovebox. Under an N2 atm, 
bis(pinacolato)diboron (267 mg, 1.05 mmol) in toluene (0.2 mL) was added (color turns 
to dark brown) and the solution was allowed to stir at 22 oC for 10min. At this time, 5-
chloro-1-pentyne (5.45b) (52.8 L, 0.500 mmol) and MeOH (61.0 L, 1.50 mmol) were 
added to the mixture solution through a syringe, which was allowed to stir for 6 h.  At 
this time, the solution was passed through a short plug (4 cm x 1 cm) of celite eluted with 
Et2O (2 mL x 3). The volatiles were removed in vacuo to yield dark brown oil, which was 
purified by silica gel column chromatography (hexanes:EtOAc=15:1) to afford the pure 
diboronate 5.49 (150 mg, 0.419 mmol, 84% yield) as clear oil.  
 Representative experimental procedure for enantioselective Cu-catalyzed 
dihydroboration of 6-tert-butoxyhex-1-yne (5.45a) with bis(pinacolato)diboron: 
In an N2-filled glovebox, an oven-dried vial (4 mL, 17 x 38 mm) with magnetic stir bar 
was charged with imidazolinium salt I-20 (5.80 mg, 0.0100 mmol, 5.0 mol %), CuCl 
(1.00 mg, 0.0100 mmol, 5.0 mol %), NaOt-Bu (3.80 mg, 0.0400 mmol, 20 mol %)30 and 
THF (0.5 mL). The mixture was sealed with a cap (phenolic open top cap with red 
                                                 
(30) Since NaOt-Bu does not promote dihydroboration, four equivalents of NaOt-Bu per CuCl are used for 
reproducible conversions to afford the desired diboronates. 
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PTFE/white silicone) and allowed to stir for 30 min. Bis(pinacolato)diboron (107 mg, 
0.420 mmol, 2.1 equiv) was added to the solution. The color of the solution immediately 
turned dark brown. The vial was resealed with a cap (phenolic open top cap with red 
PTFE/white silicone) and removed from the glovebox. After 30 min, the mixture was 
allowed to cool to ‒78 °C (dry ice/acetone bath) under N2 atm. A solution of 6-tert-
butoxyhex-1-yne (5.45a) (30.8 mg, 0.200 mmol, 1.0 equiv) in THF (0.3 mL) and MeOH 
(24.0 L, 0.600 mmol, 3.0 equiv) were added by syringes. The vial was transferred to a 
‒30 °C cryocool. After 48 h, the solution was allowed to cool to ‒78 °C and quenched by 
passing through a short plug of celite and silica gel and washed with Et2O (3 x 2 mL). 
The filtrate was concentrated in vacuo to provide dark brown oil, which was purified by 
silica gel column chromatography (hexanes:EtOAc=10:1) to afford the desired product 
5.48 as a colorless oil (60.5 mg, 0.147 mmol, 74% yield).  
 Representative experimental procedure for oxidation 31 /monobenzoylation of 
diboronate 5.55 to determine the enantiomeric purity: 1-Cyclohexylethane-1,2-diol. 
To a solution of 5.55 (163 mg, 0.447 mmol) in THF (1 mL) at 0 °C (ice bath) were added 
H2O2 (217 L, 2.23 mmol) and 2 N NaOH (1.12 mL, 2.23 mmol). The resulting solution 
was allowed to stir for 20 min. After this time, the mixture was diluted with water (2 mL), 
washed with EtOAc (3 x 1 mL), and filtered through a plug of MgSO4. The filtrate was 
concentrated in vacuo to provide colorless oil, which was purified by silica gel 
chromatography (hexanes:EtOAc=1:2) to afford the derived diol as a colorless oil (62.1 
mg, 0.430 mmol, 96% yield). (This compound has been previously reported and spectra 
                                                 
(31) Oxidation of diboronates could be carried out in the presence of NaBO3•4H2O. See: Lee, J.-E.; Yun, J. 
Angew. Chem., Int. Ed. 2008, 47, 145‒147. 
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data match those described).32 1H NMR (400 MHz, CDCl3): δ 3.65 (1H, m, CHOH), 3.47 
(1H, m, CH2OH), 3.39 (1H, t, J = 7.2 Hz, CH2OH), 2.95 (2H, s, OH), 1.86-1.80 (1H, m, 
C6H11), 1.74-1.67 (2H, m, C6H11), 1.64-1.58 (2H, m, C6H11), 1.40-1.31 (1H, m, C6H11), 
1.25-0.95 (5H, m, C6H11); 13C NMR (100 MHz, CDCl3): δ 76.6, 64.8, 40.8, 29.0, 28.7, 
26.4, 26.1, 26.1. 
2-Cyclohexyl-2-hydroxyethyl benzoate. To a solution of diol (24 mg, 0.17 mmol) in 
CH2Cl2 (1 mL) were added pyridine (27 L, 0.33 mmol) and benzoyl 
chloride (25 L, 0.21 mmol). The resulting mixture was allowed to stir 
at 22 °C for 1 hour. After this time, the mixture was quenched through the addition of a 
saturated aqueous solution of NH4Cl (2 mL), washed with CH2Cl2 (3 x 1 mL), and 
filtered through a plug of MgSO4. The filtrate was concentrated in vacuo to provide a 
colorless oil, which was purified by silica gel chromatography (hexanes:Et2O=3:1) to 
afford the monobenzoyl alcohol as a white solid (28 mg, 0.11 mmol, 68% yield). mp: 
65 °C; IR (neat): 3480 (br), 2923 (m), 2851 (w), 1717 (m), 1701 (m), 1449 (m), 1268 (s), 
1176 (w), 1115 (m), 1096 (m), 1068 (m), 1025 (m), 708 (s) cm-1; 1H NMR (CDCl3, 400 
MHz): δ 8.06-8.03 (2H, m, PhH), 7.59-7.54 (1H, m, PhH), 7.46-7.41 (2H, m, PhH), 4.46 
(1H, dd, J = 11.6, 3.2 Hz, CH2OBz), 4.29 (1H, dd, J = 11.6, 7.6 Hz, CH2OBz), 3.76-3.71 
(1H, m, CHOH), 2.26 (1H, br s, OH), 1.93-1.90 (1H, m, C6H11), 1.80-1.66 (4H, m, C6H-
11), 1.58-1.49 (1H, m, C6H11), 1.32-1.07 (5H, m, C6H11); 13C NMR (CDCl3, 100 MHz): δ 
166.9, 133.2, 130.0, 129.7, 128.5, 74.3, 67.9, 41.1, 29.0, 28.3, 26.4, 26.2, 26.1; HRMS 
(ESI+): Calcd for C15H21O3  [M+H]: 249.14907, Found: 249.14860. 
                                                 
(32) Miller, S. P.; Morgan, J. B.; Nepveux V, F. J.; Morken, J. P. Org. Lett. 2004, 6, 131‒133. 
OBz
OH
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(R)-2,2'-(Hexane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (5.42). IR 
(neat): 2977 (w), 2925 (w), 2858 (w), 1369 (s), 1309 (s), 1271 (w), 1249 (w), 1229 (w), 
1139 (s), 967 (m), 845 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 1.45-1.36 (1H, m, 
(CH2)3), 1.33-1.23 (5H, m, (CH2)3), 1.21 (6H, s, B(pin)), 1.21 (6H, s, B(pin)), 1.20 (6H, 
s, B(pin)), 1.20 (6H, s, B(pin)), 1.12-1.04 (1H, m, CHB(pin)), 0.85 (1H, dd, J = 15.6, 9.6 
Hz, CH2B(pin)), 0.84 (3H, t, J = 6.8 Hz, CH3), 0.77 (1H, dd, J = 15.6, 6.0 Hz, 
CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 82.8, 82.8, 33.6, 31.2, 25.0, 24.9, 24.8, 24.8, 
23.0, 18.5, 14.2, 12.8; HRMS (ESI+): Calcd for C18H37B2O4  [M+H]: 339.28779, Found: 
339.28856. Elemental Analysis: Calcd for C18H36B2O4: C, 63.94; H, 10.73; Found: C, 
64.21; H, 11.00. Optical Rotation: []D20 +0.47 (c 2.38, CHCl3) for an enantiomerically 
enriched sample of 95.5:4.5 er. 
(S)-Hexane-1,2-diol (Oxidation of 5.42; This compound has been previously reported 
and spectra data match those described). 33  1H NMR (400 MHz, 
CDCl3): δ 3.69-3.63 (1H, m, CHOH), 3.60 (1H, dd, J = 11.2, 2.8 Hz, 
CH2OH), 3.39 (1H, dd, J = 11.2, 8.0 Hz, CH2OH), 3.24 (2H, s, OH), 1.44-1.24 (6H, m, 
(CH2)3), 0.88 (3H, t, J = 7.2 Hz, CH3); 13C NMR (100 MHz, CDCl3): δ 72.4, 66.8, 32.9, 
27.8, 22.8, 14.1. Optical Rotation: []D20 ‒9.21 (c 0.73, EtOH) for an enantiomerically 
enriched sample of 95.5:4.5 er. 
Proof of Stereochemistry: Literature value ([]D25 ‒22.1 (c 1.00, EtOH), >99:1 er) is 
assigned to the (S) enantiomer.33a 
                                                 
(33) (a) Hasegawa, J.; Ogura, M.; Tsuda, S.; Maemoto, S.; Kutsuki, H.; Ohashi, T. Agric. Biol. Chem. 1990, 
54, 1819. (b) Brown, S. P.; Brochu, M. P.; Sinz, C. J.; MacMillan, D. W. J. Am. Chem. Soc. 2003, 125, 
10808‒10809. 
OH
HO
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (95.5:4.5 er shown; 
Chiralpak AS column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
 
(R)-2,2'-(6-tert-Butoxyhexane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 
(5.48). IR (neat): 2975 (m), 2930 (w), 2864 (w),  1361 (s), 1310 (s), 1268 (w), 1231 (w), 
1198 (s), 1140 (m), 1080 (m), 967 (m), 845 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 
3.27 (2H, t, J = 6.4 Hz, CH2OC(CH3)3), 1.49-1.40 (3H, m, (CH2)3), 1.35-1.23 (3H, m, 
(CH2)3), 1.21 (12H, s, B(pin)), 1.19 (12H, s, B(pin)), 1.13 (9H, s, OC(CH3)3), 1.10-1.03 
(1H, m, CHB(pin)), 0.83 (1H, dd, J = 15.6, 9.6 Hz, CH2B(pin)), 0.76 (1H, dd, J = 15.6, 
6.0 Hz, CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 82.8, 82.8, 72.3, 61.6, 33.7, 31.0, 
27.6, 25.6, 24.9, 24.9, 24.8, 24.8, 18.5, 12.7; HRMS (ESI+): Calcd for C22H45B2O5  
[M+H]: 411.34531, Found: 411.34620. Elemental Analysis: Calcd for C22H44B2O5: C, 
64.42; H, 10.81; Found: C, 64.68; H, 11.07. Optical Rotation: []D20 ‒0.51 (c 2.15, 
CHCl3) for an enantiomerically enriched sample of 96.5:3.5 er. 
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (96.5:3.5 er shown; 
Chiralpak AS column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
  
(R)-2,2'-(5-Chloropentane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 
(5.49). IR (neat): 2977 (w), 2929 (w), 1459 (w), 1369 (s), 1310 (s), 1267 (m), 1139 (s), 
967 (m), 860 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 3.47 (2H, dt, J = 6.8, 1.6 Hz, 
CH2Cl), 1.79-1.72 (2H, m, CH2CH2Cl), 1.57-1.49 (1H, m, B(pin)CHCH2), 1.48-1.35 (1H, 
m, B(pin)CHCH2), 1.20 (6H, s, B(pin)), 1.20 (6H, s, B(pin)), 1.20 (6H, s, B(pin)), 1.19 
(6H, s, B(pin)), 1.12-1.04 (1H, m, CHB(pin)), 0.89-0.79 (2H, m, CH2B(pin)); 13C NMR 
(CDCl3, 100 MHz): δ 83.0, 45.4, 32.1, 31.0, 24.9, 24.9, 24.8, 24.8, 17.8, 12.8; HRMS 
(ESI+): Calcd for C17H34B2ClO4 [M+H]: 359.23317, Found: 359.23455. Elemental 
Analysis: Calcd for C17H33B2ClO4: C, 56.95; H, 9.28; Found: C, 57.22; H, 9.54. Optical 
Rotation: []D20 ‒1.45 (c 3.30, CHCl3) for an enantiomerically enriched sample of 
94.5:5.5 er. 
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (94.5:5.5 er shown; 
Chiralcel OJ-H column, 92:8 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
 
(R)-Methyl 5,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexanoate (5.50). IR 
(neat): 2977 (w), 2930 (w), 1738 (m), 1435 (w), 1407 (w), 1369 (m), 1269 (w), 1213 (m), 
1139 (s), 967 (m)   cm-1; 1H NMR (CDCl3, 400 MHz): δ 3.57 (3H, s, OCH3), 2.21 (2H, t, 
J = 7.6 Hz, CH2COOCH3), 1.57 (2H, tt, J = 8.0, 7.6 Hz, CH2CH2CH2), 1.46-1.36 (1H, m, 
CHB(pin)CH2CH2), 1.31-1.23 (1H, m, CHB(pin)CH2CH2),  1.16 (12H, s, B(pin)), 1.15 
(12H, s, B(pin)), 1.10-1.00 (1H, m, CHB(pin)), 0.80 (1H, dd, J = 16, 9.6 Hz, CH2B(pin)), 
0.72 (1H, dd, J = 16, 6.0 Hz, CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 174.2, 82.8, 
51.3, 34.3, 33.2, 24.9, 24.8, 24.8, 24.7, 24.2, 18.1, 12.5; HRMS (ESI+): Calcd for 
C19H37B2O6  [M+H]: 383.27762, Found: 383.27893. Optical Rotation: []D20 ‒0.77 (c 
2.96, CHCl3) for an enantiomerically enriched sample of 95.5:4.5 er. 
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (96:4 er shown; 
Chiralcel OJ-H column, 88/12 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
 
(R)-tert-Butyl 4,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentylcarbamate 
(5.51). IR (neat): 3370 (br), 2977 (m), 2929 (w), 1703 (m), 1512 (m), 1366 (s), 1311 (s), 
1270 (m), 1248 (m), 1215 (m), 1165 (s), 1139 (s), 967 (m), 846 (m), 732 (m); 1H NMR 
(CDCl3, 400 MHz): δ 4.67 (1H, br s, NH), 3.07 (2H, s, CH2NH), 1.46-1.43 (2H, m, 
CH2CH2NH), 1.41 (9H, s, C(CH3)3), 1.38-1.29 (1H, m, CHB(pin)), 1.21 (24H, s, B(pin)), 
1.13-1.04 (2H, m, CHB(pin)CH2CH2), 0.86 (1H, dd, J = 16.0, 9.2 Hz, CH2B(pin)), 0.76 
(1H, dd, J = 15.6, 6.4 Hz, CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 156.1, 83.0, 83.0, 
78.7, 40.7, 30.6, 28.6, 25.1, 25.0, 25.0, 24.9, 24.9, 18.1, 12.7; HRMS (ESI+): Calcd for 
C22H44B2NO6 [M+H]: 440.33547, Found: 440.33376. Optical Rotation: []D20 ‒3.82 (c 
2.09, CHCl3) for an enantiomerically enriched sample of 93.5:6.5 er. 
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived tri-Boc protected derivative, which was 
prepared by monobenzoylation of the diol, followed by Boc-protection with Boc2O 
(93.5:6.5 er shown; Chiralpak OD column, 99/1 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
 
(R)-4,4,5,5-Tetramethyl-2-(3-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)propyl)-1,3,2-dioxaborolane (5.53). IR (neat): 2977 (m), 2928 (w), 1369 (s), 1311 (s), 
1269 (m), 1214 (m), 1139 (s), 967 (m), 846 (m), 698 (m) cm-1; 1H NMR (CDCl3, 400 
MHz): δ 7.24-7.17 (4H, m, PhH), 7.13-7.09 (1H, m, PhH), 2.79 (1H, dd, J = 13.2, 7.6 Hz, 
CH2Ph), 2.59 (1H, dd, J = 13.2, 8.0 Hz, CH2Ph), 1.47-1.43 (1H, m, CHB(pin)), 1.21 
(12H, s, B(pin)), 1.17 (6H, s, B(pin)), 1.15 (6H, s, B(pin)), 0.81 (2H, d, J = 7.6 Hz, 
CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 142.4, 129.2, 128.0, 125.6, 83.0, 82.9, 39.6, 
25.0, 24.9, 24.9, 24.8 20.7, 12.4; HRMS (ESI+): Calcd for C21H35B2O4 [M+H]: 
373.27214, Found: 373.27372. Elemental Analysis: Calcd for C21H34B2O4: C, 67.78; H, 
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9.21; Found: C, 68.03; H, 9.58. Optical Rotation: []D20 +6.48 (c 2.00, CHCl3) for an 
enantiomerically enriched sample of 96.5:3.5 er. 
(S)-3-Phenylpropane-1,2-diol (Oxidation of 5.53; This compound has been previously 
reported and spectra data match those described).34 1H NMR (400 
MHz, CDCl3): δ 7.33-7.29 (2H, m, PhH), 7.26-7.21 (3H, m, PhH), 
3.96-3.91 (1H, m, CHOHCH2Ph), 3.67 (1H, dd, J = 11.2, 3.2 Hz, CH2OH), 3.50 (1H, dd, 
J = 11.2, 6.8 Hz, CH2OH), 2.79 (1H, dd, J = 13.6, 5.6 Hz, CH2Ph), 2.74 (1H, dd, J = 13.6, 
8.0 Hz, CH2Ph), 2.22 (2H, s, OH); 13C NMR (100 MHz, CDCl3): δ 137.9, 129.5, 128.8, 
126.8, 73.2, 66.2, 40.0. Optical Rotation: []D20 ‒13.4 (c 1.81, EtOH) for an 
enantiomerically enriched sample of 95:5 er. 
Proof of Stereochemistry: Literature value ([]D22 +33.2 (c 1.00, EtOH), 97.5:2.5 er) is 
assigned to the (R) enantiomer.34 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived diol (Chiralpak OD-R column, 98/2 
hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
                                                 
(34) Cardillo, G.; Orena, M.; Romero, M.; Sandri, S. Tetrahedron 1989, 45, 1501‒1508. 
OH
HO
Chapter 5, Page 531 
 
 
(R)-2-(3-Cyclopentyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)-4,4,5,5-
tetra-methyl-1,3,2-dioxaborolane (5.54). IR (neat): 2977 (m), 2946 (m), 2867 (w), 1369 
(s), 1309 (s), 1268 (m), 1213 (m), 1139 (s), 967 (m), 847 (m), 671 (w), 578 (w) cm-1; 1H 
NMR (CDCl3, 400 MHz): δ 1.83-1.76 (1H, m, CH2CH(C4H8)), 1.76-1.67 (2H, m, C5H9), 
1.57-1.42 (5H, m, CHB(pin) and C5H9), 1.31-1.26 (1H, m, CH2C5H9), 1.23 (12H, s, 
B(pin)), 1.21 (12H, s, B(pin)), 1.17-1.12 (1H, m, CH2C5H9), 1.08-1.00 (2H, m, C5H9), 
0.85 (1H, dd, J = 16.0, 8.4 Hz, CH2B(pin)),  0.81 (1H, dd, J = 15.6, 6.4 Hz, CH2B(pin)); 
13C NMR (CDCl3, 100 MHz): δ 82.9, 82.8, 40.3, 39.4, 32.9, 32.9, 25.4, 25.2, 25.0, 24.9, 
24.9, 24.9, 17.5, 13.2; HRMS (ESI+): Calcd for C20H39B2O4 [M+H]: 365.30344, Found: 
365.30443. Elemental Analysis: Calcd for C20H38B2O4: C, 65.97; H, 10.52; Found: C, 
65.99; H, 10.78. Optical Rotation: []D20 ‒3.09 (c 2.00, CHCl3) for an enantiomerically 
enriched sample of 96.5:3.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (96.5:3.5 er shown; 
Chiralpak OJ-H column, 99/1 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(R)-2,2'-(1-Cyclohexylethane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 
(5.55). IR (neat): 2977 (w), 2921 (w), 2850 (w), 1368 (s), 1307 (s), 1271 (w), 1237 (w), 
1214 (w), 1140 (s), 1105 (w), 969 (m), 845 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 
1.68-1.57 (5H, m, C6H11), 1.37-1.26 (1H, m, C6H11), 1.23 (12H, s, B(pin)), 1.22 (12H, s, 
B(pin)), 1.20-0.95 (6H, m, C6H11 and CHB(pin)), 0.86 (1H, dd, J = 16.0, 11.2 Hz, 
CH2B(pin)), 0.76 (1H, dd, J = 15.6, 5.2 Hz, CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 
82.8, 82.8, 41.6, 32.2, 32.0, 27.0, 26.9, 26.8, 25.0, 25.0, 24.9, 24.8, 9.6; HRMS (ESI+): 
Calcd for C20H39B2O4  [M+H]: 365.30344, Found: 365.30358. Elemental Analysis: Calcd 
for C20H38B2O4: C, 65.97; H, 10.52; Found: C, 66.33; H, 10.92. Optical Rotation: []D20 
‒4.73 (c 2.44, CHCl3) for an enantiomerically enriched sample of 97:3 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (97:3 er shown; 
Chiralcel OJ-H column, 98/2 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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(R)-2,2'-(1-Phenylethane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (5.67). 
IR (neat): 2977 (w), 2929 (w), 1492 (w), 1467 (w), 1354 (s), 1313 (s), 1264 (m), 1213 
(m), 1164 (m), 1139 (s), 966 (m), 843 (m), 731 (m), 699 (m) cm-1; 1H NMR (CDCl3, 400 
MHz): δ 7.20 (4H, d, J = 4.0 Hz, PhH), 7.10-7.05 (1H, m, PhH), 2.50 (1H, dd, J = 11.2, 
5.6 Hz, CHB(pin)), 1.36 (1H, dd, J = 16.0, 10.8 Hz, CH2B(pin)), 1.18 (12H, s, B(pin)), 
1.17 (6H, s, B(pin)), 1.15 (6H, s, B(pin)), 1.09 (1H, dd, J = 15.6, 6.0 Hz, CH2B(pin)); 
13C NMR (CDCl3, 100 MHz): δ 145.5, 128.2, 128.0, 125.0, 83.2, 83.1, 26.7, 25.0, 24.8, 
24.7, 24.5, 14.6; HRMS (ESI+): Calcd for C20H33B2O4  [M+H]: 359.25649, Found: 
359.25766. Elemental Analysis: Calcd for C20H32B2O4: C, 67.08; H, 9.01; Found: C, 
67.24; H, 9.27. Optical Rotation: []D20 ‒24.2 (c 2.80, CHCl3) for an enantiomerically 
enriched sample of 94.5:5.5 er. 
(S)-1-Phenylethane-1,2-diol (Oxidation of 5.67; This compound has been previously 
reported and spectra data match those described).35 1H NMR (400 MHz, CDCl3): δ 7.38-
                                                 
(35) Miller, S. P.; Morgan, J. B.; Nepveux V, F. J.; Morken, J. P. Org. Lett. 2004, 6, 131‒133. 
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7.26 (5H, m, PhH), 4.84 (1H, dt, J = 8.4, 3.2 Hz, CHOH), 3.78 (1H, 
ddd, J = 11.2, 7.6, 4.0 Hz, CH2OH), 3.68 (1H, ddd, J = 11.2, 8.0, 4.4 
Hz, CH2OH), 2.43 (1H, d, J = 3.2 Hz, CHOH), 1.97 (1H, dd, J = 7.6, 4.8 Hz, CH2OH); 
13C NMR (100 MHz, CDCl3): δ 140.6, 128.5, 128.0, 126.1, 74.7, 68.1. Optical Rotation: 
[]D20 +68.1 (c 0.50, CHCl3) for an enantiomerically enriched sample of 97.5:2.5 er. 
Proof of Stereochemistry: Literature value ([]D25.5 ‒63.7 (c 5.45, CDCl3), >99:1 er) is 
assigned to the (R) enantiomer.36  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived diol (97.5:2.5 er shown; Chiralcel OB-H 
column, 93/7 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
 
(R)-2,2'-(1-(4-Methoxyphenyl)ethane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxabo-
rolane) (5.69) IR (neat): 2977 (w), 2931 (w), 1508 (m), 1355 (s), 1313(s), 1265 (m), 
1243 (s), 1213 (m), 1139 (s), 966 (m), 844 (m), 828 (m) cm-1; 1H NMR (CDCl3, 400 
                                                 
(36) Dale, J. A.; Mosher, H. S. J. Org. Chem. 1970, 35, 4002‒4003. 
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MHz): δ 7.13 (2H, d, J = 8.4 Hz, ArH), 6.78 (2H, d, J = 8.8 Hz, ArH), 3.76 (3H, s, 
OCH3), 2.45 (1H, dd, J = 10.8, 5.6 Hz, CHB(pin)), 1.36 -1.23 (1H, m, CH2B(pin), 1.20 
(12H, s, B(pin)), 1.18 (6H, s, B(pin)), 1.17 (6H, s, B(pin)), 1.15-1.04 (1H, m, 
CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 157.2, 137.5, 128.8, 113.6, 83.1, 83.0, 55.2, 
25.6, 25.0, 24.7, 24.7, 24.5, 14.8; HRMS (ESI+): Calcd for C21H35B2O5 [M+H]: 
389.26706, Found: 389.26786. Optical Rotation: []D20 +42.3 (c 0.75, CHCl3) for an 
enantiomerically enriched sample of 97:3 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived diol (97:3 er shown; Chiralcel OB-H column, 
93/7 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
 
(R)-2-(3-tert-Butoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)-4,4,5,5-
tetra-methyl-1,3,2-dioxaborolane (5.74). IR (neat): 2975 (m), 1366 (s), 1311 (s), 1199 
(m), 1141 (s), 1075 (m), 968 (m), 846 (m), 734 (w); 1H NMR (CDCl3, 400 MHz): δ 3.37 
(1H, dd, J = 8.0, 6.4 Hz, CH2OC(CH3)3), 3.32 (1H, dd, J = 8.0, 7.6 Hz, CH2OC(CH3)3), 
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1.37-1.32 (1H, m, CHB(pin)), 1.22 (12H, s, B(pin)), 1.20 (12H, s, B(pin)), 1.13 (9H, s, 
C(CH3)3), 0.92 (1H, dd, J = 16.0, 9.2 Hz, CH2B(pin)), 0.84 (1H, dd, J = 16.0, 5.6 Hz, 
CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 82.9, 82.8, 72.1, 65.0, 27.7, 25.0, 24.9, 20.5, 
9.7; HRMS (ESI+): Calcd for C19H39B2O5 [M + H]: 369.29836, Found: 369.30005. 
Optical Rotation: []D20 +3.85 (c = 2.41, CHCl3) for an enantiomerically enriched sample 
of 97:3 er. 
(R)-3-tert-Butoxypropane-1,2-diol (Oxidation of 5.74; This compound has been 
previously reported and spectra data match those described).37 1H 
NMR (400 MHz, CDCl3): δ 3.79 (1H, m, CHOH), 3.72-3.66 (2H, m, 
CH2OH), 3.50 (1H, dd, J = 9.2, 4.0 Hz, CH2OC(CH3)3), 3.45 (1H, dd, J = 9.2, 5.6 Hz, 
CH2OC(CH3)3), 2.69 (1H, br s, OH), 2.34 (1H, br s, OH), 1.20 (9H, s, C(CH3)3); 13C 
NMR (100 MHz, CDCl3): δ 73.7, 70.6, 64.7, 64.0, 27.6. Optical Rotation: []D20 +8.5 (c 
0.20, CHCl3) for an enantiomerically enriched sample of 97:3 er. 
Proof of Stereochemistry: Literature value ([]D25 ‒1.00 (c 0.76, CHCl3), 87:13 er)  is 
assigned to the (S) enantiomer.37a 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (97:3 er shown; 
Chiralpak AS column, 99.5/0.5 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
                                                 
(37) (a) Zhao, Y.; Mitra, A. W.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem., Int. Ed. 2007, 46, 
8471‒8474. (b) Verheij, H. M.; Bonsen, P. P. M.; van Deenen, L. L. M. Chem. Phys. Lipids. 1971, 6, 
46‒57. 
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(R)-tert-Butyl 2,3-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propylcarbamate 
(5.79). IR (neat): 3379 (w), 2977 (w), 2930 (w), 1713 (m), 1506 (w), 1365 (m), 1313 (m), 
1247 (m), 1212 (w), 1165 (m), 1139 (s), 1109 (w), 966 (m)   cm-1; 1H NMR (CDCl3, 400 
MHz): δ 4.92 (1H, s, NH), 3.13 (2H, dd, J = 6.4, 5.6 Hz, CH2NH), 1.37 (9H, s, 
OC(CH3)3), 1.31-1.21 (1H, m, CHB(pin)), 1.18 (12H, s, B(pin)), 1.18 (12H, s, B(pin)), 
0.84 (1H, dd, J = 16.4, 8.4 Hz, CH2B(pin)), 0.77 (1H, dd, J = 16.0, 6.4 Hz, CH2B(pin)); 
13C NMR (CDCl3, 100 MHz): δ 156.1, 83.3, 83.2, 78.6, 43.9, 28.6, 25.0, 24.9, 19.4, 10.5; 
HRMS (ESI+): Calcd for C20H40B2NO6 [M+H]: 412.30417, Found: 412.30305. Optical 
Rotation: []D20 ‒1.28 (c 2.50, CHCl3) for an enantiomerically enriched sample of 95:5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (95.5:4.5 er shown; 
Chiralcel OJ-H column, 90/10 hexanes/i-PrOH, 0.5 mL/min, 220 nm). Four peaks from 
two rotamers of the carbamate are shown below: 
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(E)-2-(3-tert-Butoxyprop-1-enyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5.72; This 
compound has been previously reported and spectra data match those described).38 1H 
NMR (CDCl3, 400 MHz): δ 6.64 (1H, dt, J = 18.0, 4.4 Hz, CHCH2), 5.69 (1H, dt, J = 
18.0, 1.6 Hz, CHB(pin)), 3.95 (2H, dd, J = 4.8, 4.0 Hz, CH2O(CH3)3), 1.22  (12H, s, 
B(pin)), 1.17 (9H, s, C(CH3)3); 13C NMR (CDCl3, 100 MHz): δ 151.0, 118.5, 83.1, 73.2, 
63.8, 27.6, 24.8. 
2-(3-tert-Butoxyprop-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5.73). IR 
(neat): 2975 (m), 2871 (w), 1625 (w), 1364 (s), 1344 (s), 1307 (s), 1196 (m), 1142 (s), 
1074 (s), 946 (m), 863 (m), 743 (w), 672 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 5.95-
5.94 (1H, m, CH2CB(pin)), 5.86-5.85 (1H, m, CH2CB(pin)), 3.99-3.98 (2H, m, 
CH2OC(CH3)3), 1.24 (12H, s, B(pin)), 1.20 (9H, s, C(CH3)3); 13C NMR (CDCl3, 100 
                                                 
(38) Pandya, S. U.; Pinet, S. Chavant, P. Y.; Vallée, Y. Eur. J. Org. Chem. 2003, 3621‒3627. 
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MHz): δ 139.5, 128.3, 83.4, 73.0, 63.3, 27.8, 24.9; HRMS (ESI+): Calcd for C13H26BO3  
[M+H]: 241.18968, Found: 241.24772. 
(E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate (5.80; 
This compound has been previously reported and spectra data match those described).39 
IR (neat): 3357 (br), 2977 (w), 2931 (w), 1698 (m), 1643 (w), 1512 (m), 1364 (s), 1320 
(s), 1269 (m), 1246 (m), 1165 (s), 1140 (s), 970 (m), 849 (m), 731 (m) cm-1; 1H NMR 
(CDCl3, 400 MHz): δ 6.49 (1H, dt, J = 18.0, 4.4 Hz, CHCH2N), 5.49 (1H, dt, J = 18.0, 
2.0 Hz, CHB(pin)), 4.80 (1H, br s, NH), 3.74 (2H, br s, CH2N), 1.35 (9H, s, C(CH3)3), 
1.17 (12H, s, B(pin)); 13C NMR (CDCl3, 100 MHz): δ 155.8, 149.5, 118.4, 83.3, 79.3, 
44.0, 28.4, 24.9, 24.8. 
tert-Butyl 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate (5.81). IR 
(neat): 3358 (br), 2977 (m), 1705 (m), 1366 (m), 1311 (m), 1247 (m), 1140 (s), 1047 (w), 
949 (m), 860 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 5.81 (1H, t, J = 1.4 Hz, 
CH2=CB(pin)), 5.70 (1H, s, CH2=CB(pin)), 4.80 (1H, s, NH), 3.78 (2H, d, J = 4.4 Hz, 
CH2NH), 1.39 (9H, s, C(CH3)3), 1.21 (12H, s, B(pin)); 13C NMR (CDCl3, 100 MHz): δ 
155.9, 137.6, 129.1, 83.6, 78.9, 44.4, 28.4, 25.0, 24.8; HRMS (ESI+): Calcd for 
C14H27BNO4  [M+H]: 284.20331, Found: 284.20343. 
(R)-Diethyl 2-allyl-2-(2,3-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)ma-
lonate (5.82). IR (neat): 2977 (w), 2930 (w), 1738 (m), 1435 (w), 1407 (w), 1369 (m), 
1269 (w), 1213 (m), 1139 (s), 967 (m)   cm-1; 1H NMR (CDCl3, 400 MHz): δ 5.79 (1H, 
ddt, J = 17.2, 10.0, 7.2 Hz, CH=CH2), 5.08-4.99 (2H, m, CH=CH2), 4.21-4.06 (4H, m, 
                                                 
(39) Berrée, F.; Bleis, P. G-L.; Carboni, B. Tetrahedron Lett. 2002, 43, 4935‒4938. 
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CO2CH2CH3), 2.67 (1H, dd, J = 14.4, 8.0 Hz, CH2CH=CH2), 2.58 (1H, dd, J = 14.4, 7.2, 
CH2CH=CH2), 2.23 (1H, dd, J = 14.4, 7.6 Hz, CHB(pin)CH2C), 1.88 (1H, dd, J = 14.4, 
5.2 Hz, CHB(pin)CH2C), 1.27-1.19 (6H, m, CO2CH2CH3), 1.21 (24H, s, B(pin)), 0.87-
0.76 (2H, m, CH2B(pin)); 13C NMR (CDCl3, 100 MHz): δ 171.1, 171.1, 133.5, 118.3, 
83.1, 83.0, 61.0, 60.9, 58.0, 37.1, 35.6, 25.0, 24.9, 24.8, 24.7, 14.1, 13.5; HRMS (ES+): 
Calcd for C25H44B2O8Na  [M+Na]: 517.3120, Found: 517.3121. Optical Rotation: []D20 
‒2.32 (c = 2.00, CHCl3) for an enantiomerically enriched sample of 94.5:5.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (94.5:5.5 shown; 
Chiralpak AS column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(R)-tert-Butyl allyl(2,3-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)carba-
mate (5.83). IR (neat): 2976 (w), 2929 (w), 1692 (s), 1643 (w), 1458 (w), 1405 (w), 1364 
(s), 1314 (s), 1245 (s), 1163 (s), 1139 (s), 968 (w), 876 (w), 850 (w) cm-1; 1H NMR 
spectrum exists as a 10:1 mixture of rotamers. 1H NMR (CDCl3, 400 MHz): δ 5.74 (1H, 
m, CH=CH2), 5.08 (2H, m, CH=CH2), 3.89 (1H, br s, CH2N), 3.76 (dd, J = 16.0, 5.6 Hz, 
CH2N), 3.21 (2H, br s, CH2N), 1.41-1.36 (10H, m, C(CH3)3 and CHB(pin)), 1.20 (12H, s, 
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B(pin)), 1.19 (12H, s, B(pin)), 0.79 (1H, dd, J = 6.0, 6.0 Hz, CH2B(pin)); 13C NMR 
(CDCl3, 100 MHz): δ 148.7, 134.5, 115.9, 83.3, 83.1, 83.0, 79.7, 49.2, 28.6, 25.0, 24.9, 
18.2, 10.1; HRMS (ESI+): Calcd for C23H44B2NO6 [M+H]: 452.33547, Found: 452.33386. 
Optical Rotation: []D20 +5.80 (c 2.70, CHCl3) for an enantiomerically enriched sample 
of 93.5:6.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived monobenzoyl-alcohol (Chiralcel OJ-H 
column, 99/1 hexanes/i-PrOH, 0.5 mL/min, 220 nm). Four peaks from two rotamers of 
the carbamate are shown below: 
 
 
 Experimental procedures for Pd-catalyzed cross-coupling: 
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(R)-3-(3-tert-Butoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)-5,5-
dimethyl-cyclohex-2-enone (5.92). To a flame-dried round bottom flask equipped with 
reflux condenser were added diboronate (5.74) (50.0 mg, 0.135 mmol), 
Pd(dppf)Cl2·CH2Cl2 (9.80 mg, 0.0135 mmol, 10 mol %), Cs2CO3 (132 mg, 0.405 mmol, 
3.0 equiv) and 3-bromo-5,5-dimethylcyclohex-2-enone (5.91) (54.8 mg, 0.270 mmol, 2.0 
equiv). The vessel was purged under N2 atm for 10 min. THF (5 mL) and H2O (0.5 mL) 
were added to the mixture, which was allowed to stir at 80 °C for 14 h. After this time, 
the solution was allowed to cool to 22 °C, diluted with Et2O (10 mL), dried over MgSO4 
and filtered. The filtrate was concentrated in vacuo to provide a bright red oil, which was 
purified by silica gel chromatography (hexanes:EtOAc=10:1) to afford the desired 
product 5.92 as a pale yellow oil (37.2 mg, 0.102 mmol, 76% yield). IR (neat): 2973 (m), 
1667(s), 1365 (s), 1323 (m), 1243 (m), 1196 (m), 1143 (s), 1080 (m), 968 (w), 846 (w), 
732 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 5.89 (1H, s, C(=O)CH=C), 3.41-3.34 (2H, 
m, CH2OC(CH3)3), 2.35 (1H, dd, J = 14.8, 7.6 Hz, CHB(pin)CH2C=CH), 2.30 (1H, dd, J 
= 14.4, 8.4 Hz, CHB(pin)CH2C=CH), 2.22-2.18 (4H, m, CH2C(CH3)2CH2), 1.54-1.47 
(1H, m, CHB(pin)), 1.21 (12H, s, B(pin)), 1.13 (9H, s, C(CH3)3), 1.01 (3H, s, C(CH3)2), 
1.00 (3H, s, C(CH3)2); 13C NMR (CDCl3, 100 MHz): δ 200.2, 164.5, 125.1, 83.5, 72.6, 
62.5, 51.3, 44.0, 36.7, 33.7, 28.5, 28.4, 27.7, 25.0, 24.9, 23.2; HRMS (ESI+): Calcd for 
C21H38BO4 [M+H]: 365.28631, Found: 365.28610. Optical Rotation: []D20 ‒3.32 (c 1.54, 
CHCl3) for an enantiomerically enriched sample of 97:3 er. 
(R)-3-(3-tert-Butoxy-2-hydroxypropyl)-5,5-dimethylcyclohex-2-enone (5.93). To a 
solution of 5.92 (37.2 mg, 0.102 mmol) in THF (1 mL) and H2O (1 mL) at 22 °C was 
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added NaBO3·4H2O (78.5 mg, 0.511 mmol, 5.0 equiv). The resulting solution was 
allowed to stir for one hour. After this time, the mixture was diluted with water (2 mL), 
washed with Et2O (3 x 1 mL), and filtered through a plug of MgSO4. The filtrate was 
concentrated in vacuo to provide a colorless oil, which was purified by silica gel 
chromatography (hexanes:Et2O=3:1) to afford the desired product 5.93 as a colorless oil 
(24.8 mg, 0.0975 mmol, 95% yield). IR (neat): 3438 (br), 2972 (m), 2869 (w), 1656 (s), 
1365 (s), 1194 (s), 1084 (s), 903 (m), 731 (s), 525 (m) cm-1; 1H NMR (CDCl3, 400 MHz): 
δ 5.93 (1H, s, C(=O)CH=C), 3.92 (1H, m, CH2CHOH), 3.37 (1H, dd, J = 8.8, 3.2 Hz, 
CH2OC(CH3)3), 3.21 (1H, dd, J = 8.8, 7.2 Hz, CH2OC(CH3)3), 2.55 (1H, s, OH), 2.36-
2.33 (2H, m, CH(OH)CH2C=CH), 2.26 (2H, s, CH2(C=O)C(CH3)2), 2.21 (2H, s, 
CH2C(CH3)2), 1.18 (9H, s, C(CH3)3), 1.03 (3H, s, (CH3)2), 1.02 (3H, s, (CH3)2); 13C 
NMR (CDCl3, 100 MHz): δ 200.0, 160.6, 126.7, 73.6, 68.8, 65.5, 51.1, 44.3, 42.0, 33.8, 
28.5, 28.3, 27.6; HRMS (ESI+): Calcd for C15H27O3 [M+H]: 255.19602, Found: 
255.19701. Optical Rotation: []D20 +0.635 (c 1.44, CHCl3) for an enantiomerically 
enriched sample of 96.5:3.5 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (96.5:3.5 er shown; Chiralcel OJ-H column, 98/2 hexanes/i-PrOH, 0.5 
mL/min, 220 nm). 
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(R,E)-Methyl 6-tert-butoxy-5-hydroxy-2-methylhex-2-enoate (5.88). IR (neat):  3467 
(br s), 2973 (w), 2918 (w), 1711 (s), 1649 (w), 1436 (w), 1388 (w), 1258 (m), 1193 (s), 
1131 (m), 1081 (s), 1021 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.82 (1H, td, J = 7.6, 
1.6 Hz), 3.86-3.78 (1H, m), 3.73 (3H, s), 3.39 (1H, dd, J = 8.8, 3.6 Hz), 3.21 (1H, dd, J = 
9.2, 7.2 Hz), 2.52 (1H, d, J = 4.0 Hz), 2.38 (2H, td, J = 7.2, 0.8 Hz), 1.85 (3H, s), 1.19 
(9H, s); 13C NMR (CDCl3, 100 MHz): δ 168.5, 138.0, 129.5, 73.4, 70.0, 65.2, 51.8, 32.9, 
27.6, 12.7; HRMS (ESI+): Calcd for C12H26N1O4 [M+NH4]: 248.18618, Found: 
248.18564. Optical Rotation: []D20 ‒6.10 (c 1.81, CHCl3) for an enantiomerically 
enriched sample of 96:4 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by oxidation 
of NaBO3 (96:4 er shown; Chiralpak AS column, 99.5:0.5 hexanes/i-PrOH, 1.0 mL/min, 
220 nm). 
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(R,E)-Methyl 6-(tert-butoxycarbonylamino)-5-hydroxy-2-methylhex-2-enoate (5.89). 
IR (neat): 3369 (br s), 2977 (w), 2931 (w), 1688 (s), 1517 (m), 1436 (m), 1365 (m), 1248 
(s), 1165 (s), 1087 (s) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.79 (1H, td, J = 6.4, 1.2 Hz), 
4.91 (1H, br s), 3.87-3.85 (1H, m), 3.73 (3H, s), 3.33-3.28 (1H, m), 3.11-3.06 (1H, m), 
2.80 (1H, s), 2.41 -2.31 (2H, m), 1.85 (3H, s), 1.47 (9H, s); 13C NMR (CDCl3, 100 MHz): 
δ 168.4, 157.1, 137.4, 130.0, 80.0, 77.4, 70.9, 51.9, 34.2, 28.4, 12.8; HRMS (ESI+): 
Calcd for C13H23N1O5Na1 [M+Na]: 296.1474, Found: 296.1479. Optical Rotation: []D20 
‒4.68 (c 2.15, CHCl3) for an enantiomerically enriched sample of 93.5:6.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by oxidation 
of NaBO3 (93.5:6.5 er shown; Chiralcel OJ-H column, 96/4 hexanes/i-PrOH, 0.5 mL/min, 
220 nm). 
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(S,E)-Methyl 2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)non-2-enoate 
(5.90). IR (neat): 2977 (w), 2954 (w), 2926 (w), 1714 (s), 1371 (m), 1318 (m), 1256 (m), 
1213 (m), 1142 (s), 967 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 6.76 (1H, td, J = 5.6, 
1.2 Hz), 3.70 (3H, s), 2.29-2.18 (2H, m), 1.82 (3H, s), 1.47-1.24 (6H, m), 1.29 (12H, s), 
1.14-1.08 (1H, m), 0.86 (3H, t, J = 5.6 Hz); 13C NMR (CDCl3, 100 MHz): δ 168.8, 142.8, 
127.5, 83.2, 51.6, 31.4, 30.8, 30.5, 24.8, 24.8, 23.8, 23.0, 14.1, 12.5; HRMS (ESI+): 
Calcd for C17H32B1O4 [M+H]: 311.23936, Found: 311.24085. Optical Rotation: []D20 
+1.05 (c 2.00, CHCl3) for an enantiomerically enriched sample of 93.5:6.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material obtained from the derived alcohol, which was synthesized by oxidation 
of NaBO3 (93.5:6.5 er shown; Chiralcel OD column, 99.5:0.5 hexanes/i-PrOH, 1.0 
mL/min, 220 nm). 
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